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SUMMARY 
An experimental investigation of transient free convection phenomena 
was considered in a vertical, closed container where the fluid was heated 
with a constant heat flux on the bottom and sides without a change of 
phase. Water was used as the test fluid in the tank which was approxi-
mately two feet wide, two feet in breadth, and ten feet deep. The water 
was heated on two parallel sides and at the bottom by electrical resis-
tance elements. The other two parallel sides of the tank were made of 
glass to allow for both visual and photographic observation of the fluid 
motion. 
Bulk and wall temperature measurements were made in the container 
with and without baffles for various heat flux ratios, aspect ratios, 
baffle to tank width ratios, and baffle inclination. The tests covered a 
range of modified Grashof numbers from 7.5 X 108to 4.6 x 1015. Measured 
bulk temperature profiles indicate that baffles are more effective during 
early stages of heating for all aspect ratios. Horizontal baffles were 
found to be generally more effective than baffles inclined up or down. 
An extensive photographic analysis, using neutral density particles 
and a Schlieren system, of the flow around the various baffle configura-
tions indicates that baffles are effective in promoting a more uniform 
bulk mixing process. The photographs also reveal that reattachment of 
the boundary layer flow does not occur for many of the baffles tested. 
Previous investigations had concluded that reattachment would occur for 
all baffles and hence their effectiveness would be reduced. 
Xll 
An empirical correlation equation for baffle effectiveness was 
developed. It was found that the effectiveness was dependent primarily 
on the heat flux ratio, aspect ratio> baffle to tank width ratio, and 
the number of baffles present. The effectiveness was found to be only 
weakly dependent on the baffle angle of inclination to the walls. The 
correlation equation developed will, predict baffle effectiveness within 
± 20 percent. 
Bulk and wall temperature measurements without baffles present 
indicate local heat transfer coefficients which are slightly higher than 
predicted by theory for a vertical surface in an infinite medium. Fur-
ther, the temperature distribution along a vertical surface with turbu-
lent flow is shown to fit an equation similar to that for laminar flow 



























constant in Eq. (4..6), page 119 
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specific heat capacity 
constant in Eq. (5.15), page 141 
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In the field of heat transfer the amount of literature to be found 
on the subject of free or natural convection is enormous. However, the 
majority of this information pertains to either steady state or transient 
free convection over surfaces in fluids of infinite extent. When free 
convection within a closed container is considered, it is found that the 
number of investigations is relatively small because intensive interest 
in this area of free convection has only developed within the past 10 to 
15 years. 
The rapidly expanding missile, chemical, and nuclear industries 
have been faced with many problems involving closed-container free con-
vection. For example, propellants in large rocket tanks are quite sensi-
tive to heat transfer to the fluid from the container walls through the 
free convection mechanism. Also, the cooling of nuclear reactors and 
high temperature gas turbine blades are other areas in which problems of 
closed-container free convection exist. 
Lately, many attempts to understand and predict transient free 
convection phenomena in closed containers have been made. Although these 
efforts have been delayed by a lack of knowledge of the turbulent free 
convection heat transfer mechanism within a container, the results of many 
investigations (1-5) help in predicting these phenomena. Interest in 
-v 
Numbers in parentheses indicate reference cited. 
2 
this area, which came to be called thermal stratification, grew from 
problems experienced when large volumes of fluids are subject to heat 
transfer from the surroundings. In such situations the energy absorbed 
by the fluid from the container walls is concentrated in the upper por-
tion of the fluid thus producing severe temperature gradients. However, 
under some circumstances, a uniform energy distribution throughout the 
fluid is desirable. 
Although many tests and much analytical analysis have been per-
formed to predict when and under what conditions stratification will occur, 
very little attention has been directed toward methods of stratification 
reduction. That is, methods to disperse the energy throughout the bulk 
fluid. There are basically two methods to reduce stratification in a 
particular situation, these are: (1) the use of mechanical devices (e.g. 
pumps) to mix the fluid and (2) a change in container geometry, so that 
the bulk fluid will be mixed. It should be kept in mind here that, 
although a temperature gradient may exist along the container walls and 
in the boundary layer, this does not infer that such a gradient must exist 
in the bulk fluid. 
At present, two types of changes in container design for reducing 
stratification have been considered; these are: (1) the addition of 
baffles on the vertical walls of che container and (2) a change in bottom 
shape. The latter was not investigated during this study. 
Neff (6) performed one of the first: experimental studies on strati-
fication reduction techniques using both cryogenic and non-cryogenic fluids. 
Three different bottom shapes and the addition of baffles on the vertical 
3 
walls were investigated. The baffle configurations employed were: (a) 
horizontal, (b) inclined upward, and (c) inclined downward. 
The effectiveness of baffles in reducing stratification in Neff's 
one-foot diameter non-cryogenic tank appeared at first to be small. The 
results of these tests showed that: (a) perforated baffles were parti-
ally effective in reducing stratification, (b) baffles inclined downward 
were more effective than baffles which were horizontal or inclined up-
ward, and (c) multiple baffles were more effective than single baffles 
in reducing stratification. In the report, no analytical or calculated 
values of the effectiveness of the various baffle designs were presented. 
Although Neff noted no consistent stratification reduction trend developed 
from the non-cryogenic test data, certain baffle configurations and wall 
heating rates appeared promising; thus, further tests of the baffles in-
clined downward were conducted in a cryogenic fluid. In the non-cryogenic 
flow visualization tests Neff also noted that the flow in the central 
portion of the tank remained in a downward direction, although the flow 
around the baffle edges was upward. 
In most tests the baffles inclined downward were effective until 
the volume below the baffles became filled with the wall-heated fluid at 
which time their effectiveness decreased. Other factors which were found 
to increase baffle effectiveness were: (a) large baffles (baffles that 
extend into the bulk volume a large distance), (b) low wall heating rates, 
and (c) greater baffle pitch angle from the horizontal. 
Vliet and Brogan (7) and Vliet (8) made studies on the effect of 
baffles on natural convection and stratification. Vliet defined a term 
4 
called baffle effectiveness 
M - M 
TN T 
E = - ^ ~- (1.1) 
M -W-
TN 2 
where T is the average fluid temperature and M is the temperature moment 
about the bottom of the vessel 
MT = J ( T _ T i ) XClX (1#2) 
o 
where T is the fluid temperature; T. the initial uniform temperature; x 
the axial height; and L the tank total height. The subscript "N" refers 
to the no baffle case. Equation (1.1) was derived by comparison of the 
dimensionless temperature moment with baffles to the dimensionless tem-
perature moment without baffles. Details of the derivation of Equation 
(1.1) are given in Appendix E. As noted by Vliet and Brogan (7), the 
baffle effectiveness parameter has the following significance: 
(1) When zero, the baffle is completely ineffective. 
That is, the same temperature profiles are ob-
tained as without baffles. 
(2) When equal to one, the baffle results in a uni-
form temperature or a complete thermal equilib-
rium condition (100 percent effective). 
(3) If asymptotic temperature shapes are approached 
either with or without baffles, the parameter 
also approaches an asymptotic value. 
Values of the effectiveness varied from 0.6 down to 0.05 in Vliet's small 
tank. The higher values for effectiveness were for the largest baffles 
located in a staggered position along the two heated walls. It should 
5 
also be noted that only two different side heat fluxes were investigated. 
No bottom heat was used in the tests. 
In reference (8) it was noted that, in tests without baffles, the 
stratification process is initiated with a rather large surface flow from 
each of the heated side walls, which meets in the vessel center line and 
forms a downward moving warm plume. A model of this process is illus-
trated in Figure 1, and has been previously described by many investiga-
tors. Tatom (5) used such a model to obtain an analytical model for the 
stratification process. Vliet noted that, when baffles were added to the 
walls under the same conditions as no baffles, the initial effect was to 
cause energy to be transferred into the lower portion, or unstratified, 
regions of the fluid. Later, the effect of the baffles decreased as the 
stratification progressed into the lower regions of the vessel. The only 
baffles tested by Vliet were horizontal and, like Neff (6), he found that 
increasing the number of baffles generally increases the effectiveness. 
Some of the earliest work performed on baffles was done by Griffith 
and Davis (9). They performed several experiments on free convection from 
a heated, constant temperature plate in various positions. However, 
their baffle tests were performed when the plate was in a vertical posi-
tion. Both horizontal and concave downward baffles were tested for quali-
tative results. It was found that, by adding a baffle at the bottom of 
the plate (similar to a bottom in a tank), the cooling of the plate was 
reduced by 4.0 percent. Also, it was found by Griffith and Davis that the 
introduction of baffles above the bottom of the heated vertical plate in-
creased the cooling of the plate. It: was noted that the reason for this 
6 
(uniform) 
Figure 1. S t ra t i f i ca t ion Model 
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effect was that the baffles allowed colder fluid to come in contact with 
the plate. That is, without baffles the fluid in contact with the plate 
near the top has been previously heated by the lower portion of the plate. 
Griffith and Davis also performed some experiments on the effect of coni-
cal baffles. These tests were performed on a cylindrical heated surface. 
A comparison was made on the heat loss (a) from the bare cylinder, (b) 
with a horizontal baffle at the top of the cylinder, and (c) with a down-
ward conical baffle at the top. It was found that the heat transferred 
from the plate for a given temperature difference was in the ratio of 
13.8 : 8.3 : 6.7 for the freely exposed surface, the horizontal baffle, 
and the conical baffle, respectively. 
The experimental investigation conducted by Griffith and Davis was 
perhaps the first work to be done in the area of turbulent heat transfer 
coefficients for free convection from vertical plates. The results of 
this work along with some of the later investigations such as those by 
Eckert and Jackson (10,11), Fujii (12), Tritton (13), and Bayley (14) 
constitute the sources of information for heat transfer coefficients used 
in solving many problems involving confined fluids. Upon surveying the 
existing literature, one finds little information regarding the values of 
heat transfer coefficients for completely confined fluids or measurements 
of wall temperatures. Also, the addition of baffles on the vertical walls 
of the tank will affect the heat transfer from the walls and hence should 
change the wall temperature distribution. The baffle should have a similar 
effect as adding a vortex generator in forced convection heat transfer 
in tubes. 
8 
The work of Lighthill (15) and Martin (16) on free convection in 
an open thermosyphon are the only two investigations found that approach 
a truly confined fluid which is only being heated. In both cases, however, 
the hot fluid flowing up the heated walls is subjected to a cooling sec-
tion which continues to supply cool fluid to the heated container. Also, 
their investigations were for the case of steady-state and constant wall 
temperatures. The results of Lighthill's analytical investigation are 
seen in many of the analytical models of stratification. However, his 
most important results lie in his description of the various flow regimes 
possible in a heated cylinder. As noted in reference (15), there exists 
the possibility of six different flow regimes depending on the values of 
the modified Grashof number, Gr , and the aspect ratio, L/a. 
It was found by Lighthill that turbulence decreases the heat trans-
fer from the walls when the tube is completely filled with the turbulent 
boundary layer. Otherwise, the turbulent boundary layer increases the 
transfer of heat as in the case of flow over a flat plate. Also, the 
Grashof number at which the heat transfer becomes most effective increases 
sharply with increasing aspect ratio. 
Martin's experimental study of free convection in an open thermo-
syphon verified much of Lighthill's analytical results. However, in the 
fully mixed turbulent regime, Martin found considerable difference between 
the estimated and experimental heat transfer rates. Also, he found that 
this regime was more stable and persisted, whereas, Lighthill had noted 
that it was unstable and would be replaced by a stable boundary layer flow 
for high Rayleigh numbers. Martin obtained the following relation for the 
9 
the heat transfer from long tubes during laminar flow, 
V0..23 
Nu„ = 0.44( Ra —j;) (1-3) 
For turbulent free-convection heat transfer, he found 
Nu = 0.1.Ra 3 for (200 > Pr > 6.0) (1.4) 
In the above equations, the subscript: r denotes the tube radius. It 
should be noted that the exponents in the above equations are character-
istic of the respective regimes. Also, in the turbulent regime, the heat 
transfer results are independent of the aspect ratio as noted from Equa-
tion (1.4). 
Eckert and Jackson (11) performed an analytical investigation on 
heat transfer in coolant passages as related to turbines. Their problem 
was quite similar to the one under investigation except, as in the inves-
tigations of (15) and (16), the hot fluid flowing up the heated walls 
exchanges its heat with a large reservoir. They employed the von Karman 
integral analysis and found that the effect of three different velocity 
profiles on the boundary layer thickness was small. Their relation for 
the heat transfer coefficient compares favorably with that of Jakob (17). 
Jakob (17), by correlating the data of several investigators on 
bilogarithmic axes, developed the empirical equation; 
Nu' ^ = c ( G V P r ] " ( i j ' (1.5) 
10 
for Gr from 2 x 104 to 2.1 X 106, C is 0.20, and n = \ \ thus for a given 
_i 
L/t, h oc t4. For Gr from 2.1 X 10B to 1.1 X 107 , C is 0.071 and n ^ 
but for a given L/t, h is independent of t, 
McAdams (18) noted that, for an (L/t) of 17.5, Eq. (1.5) for an 
enclosure is the same as the equation for turbulent free convection over 
a vertical plate for Gr«Pr from 109 to 101'3 : 
I 
Nu = 0.13[Gr -PrP. (1.6) 
J-J i-i 
In the above equations, t indicates the fluid thickness and L its height. 
Neff (6) used McAdams' results to illustrate the relative magnitude of 
the heat transfer coefficients within an enclosure to those for a flat 
plate in an infinite medium. Jakob's equation suggests that 
Nu' ^ Nu^ when L/t < 17.5 (1.7) 
fp 
and 
Nu' ^ Nu£ when L/t > 17.5. (1.8) 
fp 
Here, Nu' is defined in terms of the temperature difference between the 
two walls'of the enclosure. 
By comparing the theoretical and experimental relations for free 
convection over vertical, flat plates in an infinite medium with those of 
enclosures, an indication of the heat transfer rates obtainable for a 
completely confined fluid is possible. Neff (6) compared the results of 
Lighthill (15), Martin (16), and McAdams (18) to those of Eckert and 
11 
Jackson (10). The results deduced from the trends of the Nusselt number 
correlations indicate that 
Nu£ s N U . (1.9) 
fp enclosure 
Assuming, as Hartnett and Welsh (19), that equivalent heat transfer rates 
result with constant wall heat flux or constant wall temperature, the 
Nusselt number may be expressed as; 
hL ( q / A ) c L 
For identical fluids, equal heating rates and lengths for an enclosure 
and a flat plate, 
hc ^ h . (1.11) 
fp enclosure 
which implies that 
'r S 9 , • • (1-12) 
fp enclosure 
The fact that an equal or greater driving potential is required for an 
enclosure, as noted by Neff, results from the interfering flow and strati 
fication that occurs in confined fluids. 
The experimental investigation of Hartnett and Welsh (19) verified 
the data of Martin (16). They also noted that the difference between the 
cases of a uniform wall temperature and uniform heat flux for free con-
vection within a closed container is negligible. That is, the same value 
12 
for Nusselt number is approximately obtained for equal values of the 
product Gr-Pr for the two cases. Their apparatus was designed such that 
both laminar and turbulent flow could be investigated. 
For a confined fluid which is not exchanging heat with a cooling 
reservoir (e.g., as in a thermosyphon), both the bulk and wall tempera-
ture are changing with time. Thus, the use of heat transfer results ob-
tained from tests conducted in an infinite medium with steady state con-
ditions prevailing is questioned when applied to a confined fluid. 
Kolar (20) conducted an analytical and experimental investigation of the 
thermal boundary layer of a confined fluid and found that, after an 
initial starting transient, the process could be considered as a quasi-
steady condition. He found that the temperature profiles within certain 
regions of the laminar boundary layer exhibited the property of similarity 
and could be predicted fairly well by the infinite medium results. Kolar 
used the results of Gebhart and Adams (21) in defining a time parameter 
after which the process could be considered quasi-static. 
Siegel (22) previously derived expressions for the time required 
for a vertical flat plate in laminar flow to reach steady-state after 
undergoing a step change in surface temperature or a step change in uni-
form heat flux. Siegel's results for the time to reach steady-state are 
functions of the Rayleigh and Prandtl number and the length or position 
along the plate. The time to reach steady-state is decreased for in-
creasing values of g, p, q, or 8 In most cases this time is relatively 
w 
small when compared to the overall process. His time parameter for the 
case of uniform heat flux is somewhat similar to that derived by Kolar. 
13 
Cheesewright (23) , in a recent experimental investigation of the 
steady state turbulent boundary on a vertical flat plate, verified the 
temperature profiles in the turbulent boundary layer measured by Griffith 
and Davis. Also, he noted that the heat transfer coefficient from the 
plate agreed with that of Eckert and Jackson (10) for Gr > 2 x 1010 , while 
for 8 x 109 < Gr < 2 x 1010 the results agreed best with those of Bay-
ley (14). Further, the theoretical velocity and temperature profiles 
used in many analyses were found not to be in agreement with the experi-
mental data. 
Present Investigation 
The present investigation was undertaken to provide additional and 
extended information on the effect of baffles on thermal stratification 
in containers. Also, to present heat transfer results for transient 
natural convection from the vertical side walls of large containers where 
the turbulent flow regime is predominant. The effects on the bulk and 
wall temperature profiles were studied by varying the modified Grashof 
number, Gr , the ratio of bottom to side heat flux, q^/^s* the aspect 
ratio, L/W, the baffle to tank width ratio, B/W , and the number of baffles 
The test fluid used throughout all the tests was water, because of its 
availability and its physical properties are well known. In order to 
better interpret the results from the wall and bulk temperature measure-
ments, a photographic study of the flow for many of the baffle designs 
was also made. 
In the first portion of this chapter, a brief summary of the work 
performed in the above or related areas was presented. It should be noted 
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that, although some work has been performed in the area of baffles in 
tanks, most of this work is qualitative in nature. Only the effect of 
baffles in relatively small tanks was investigated and in most cases 
laminar flow existed along the vertical walls. In larger tanks, such 
as the one used in this investigation, turbulent flow will exist over a 
major portion of the container side walls even when baffles are added. 
Heat transfer results for the vertical walls of a container, such 
as the one used in this study, could not be found in the open literature. 
The results from many of the analytical models used in predicting when 
and with what severity thermal stratification will occur depend on accu-
rate knowledge of the heat transfer from the vertical walls of the con-
tainer. Most analytical models of stratification at present incorporate 
the results, either analytical or experimental, obtained from investiga-
tions on vertical plates in an infinite medium. However, the boundary 
conditions governing the two different models are different; thus one 
should not expect the heat transfer results to be the same. The heat 
transfer coefficients on the vertical walls are calculated by two differ-
ent methods, the first assumes the. process is quasi-steady while the second 
is variable in time. In turn, these values are compared with results ob-
tained from analytical models for vertical plates in infinite fluids. 
The heat transfer coefficients on the bottom of the container are not 
considered, since this portion of the container has been thoroughly ex-
amined by many investigators. For example, see references (24) and (25). 
In Chapter II a brief description of the apparatus used in obtain-
ing the experimental results is described. The thermal boundary condition 
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on the bottom and side walls is constant heat flux. Also, the test pro-
cedure and methods of obtaining the experimental data are described in 
Chapter II. Chapters III and IV present the experimental results and 
illustrate the effect the various baffle designs have on the overall bulk 
temperature profiles. The results of wall temperature measurements and 
film coefficients for the vertical walls with and without baffles are 





The apparatus used in conducting the experiments is shown in 
Figures 2, 3, and 4. The test tank constructed by Tatom (5) was designed 
so that visual and photographic observation of the fluid motion could be 
made. The addition of the control panel, for the present investigation, 
gave the added advantages of quick operation and ease in gathering data. 
The control panel was constructed for the installation of the different 
switches, valves, and gages. Figure 4 presents a view of the panel and 
associated instruments. Complete operation of the test facility was 
possible from the control panel except: during draining of the tank. As 
presented in Figure 2, the total test system is composed of: 
1. test tank and baffles 
2. control panel and instrumentation 
3. photographic system 
4. power supply 
5. fill, drain, and filtration system. 
Each of these major systems is discussed in the following sections. 
Test Tank and Baffles 
The test tank used throughout all of the tests is described in 
detail in reference (5). However, for completeness, a brief description 
will be given. The tank is constructed of aluminum, plate glass and 
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Legend. A - Light Source 
B - Thermocouple Junction Box 
C - Camera and Tripos 
D - Tape Recorder 
E - Potentiometer 
F - Ampere Meter 
G - Side Voltmeter 
H - Bottom Voltmeter 
Figure 2. Experimental Apparatus 
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Figure 3. Vertical Cross-Sectional View of Test Tank 
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Figure k. Control Panel 
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Inconel steel and is 119 inches deep, 24 inches wide, and 24.5 inches in 
breadth. A cross-sectional view of the tank is shown in Figure 3. The 
tank dimensions were so chosen by Tatom to allow for turbulent flow over 
about 80 percent of the sidewall when water is used as the test medium. 
The tank width and breadth dimensions were so chosen as to be approximately 
ten times the maximum predicted turbulent boundary layer thickness. Thus, 
end and corner effects could be neglected. 
Two opposite sides and the bottom of the tank are used in heating 
the test fluid. The Inconel heating surfaces on the sides are 0.025 inch 
thick, backed by a two inch layer of Pittsburgh-Corning Foamglass insula-
tion, and a 0.25 inch aluminum plate. The Inconel sheet, on the side, was 
held in place by the supports for electrical contacts and it was also ce-
mented, with a rubber base cement, to the foamglass insulation. An 0.018 
inch thick Inconel sheet was used on the bottom so that a higher electri-
cal resistance would be obtained in order that reasonable current values 
could be used. This heating surface was also backed by two inches of 
Foamglass and 0.25 inch of aluminum. The bottom panel was also cemented 
to the foamglass insulation. Foamglass insulation was used because of 
its low water absorption. 
The two transparent sides of the test tank were made of Libby-Owens-
Ford plate glass. Each side consisted of two panels separated by a one-
half inch air gap to reduce heat loss from the test fluid. The outside 
plate is one-fourth inch glass, while the plate next to the fluid is three-
fourths inch. The one-half inch air gap was chosen to minimize the heat 
loss and the maximum heat loss from the tank for a 10°F average bulk 
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temperature above ambient is approximately 0.06 KW. 
As noted by Tatom, sealing the tank for leaks was one of the most 
difficult problems. However, this difficulty was overcome in this inves-
tigation when a plastic tape, Vogue Stickum, was employed. It was found 
that this tape sticks to almost any dry surface and has the unique fea-
ture of not becoming brittle after prolonged usage as do some of the 
rubber and epoxy sealants. Also shown in Figure 2 are the horizontal 
support ribs. These ribs are used to stiffen the tank, particularly the 
glass plates. 
One problem of extreme importance in the present investigation was 
that of placing the baffles within the taok. The problem was not very 
difficult when small baffles (as measured from the wall) were used, since 
these were easily placed on the tank wall and cemented by hand using Dow 
Corning Silicone Rubber. With the large six inch baffles, only one or 
two at the time could be cemented on the tank walls and then allowed to 
dry. The baffles were held in place during the cementing process by 
using masking tape and blocks. Any excess cement was removed after it 
had dried. Before a test series in which photographs were to be taken, 
all traces of the silicon rubber cement on the glass surfaces were re-
moved so that the particles next to the baffle surfaces could be clearly 
seen. 
The baffles used throughout all of the tests were constructed from 
one-fourth inch Plexiglas, hence they were unheated. In reality, tank 
baffles may be heated but the amount of heat transfer from the baffles 
is generally small when compared to that from the side walls. Baffle 
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dimensions chosen for the present investigation include widths of two, 
four, and six inches on both heated walls so that a broad range of the 
baffle to tank width ratio would be analyzed. No baffles were placed on 
the flat, horizontal bottom. 
Control Panel and Instrumentation 
Complete operation of the tank during testing was possible from 
the control panel shown in Figure 4, The panel board contains the power 
control switches for both the side and bottom heating plates along with 
the panel volt and ampere meters for the respective heating surfaces. It 
also contains the drain and circulation pump switches and valves. The 
fill valve is located at the wall to the right of the panel. Wall thermo-
couple selector switches and the bulk temperature recorder switches are 
located on the panel. Plugs for the various auxiliary equipment used 
during testing are also contained on the panel. 
The bottom and side heating currents were measured at the panel 
with a Weston model 433 ammeter in conjunction with two 1000:5 ratio 
General Electric type JCP-0 current transformers. The Weston ammeter was 
factory calibrated with an accuracy of ± 0.25 percent of full deflection. 
The current transformers were also factory calibrated and within the range 
of currents used, the correction factor was negligible. The voltage drop 
across the bottom heater was measured with a Triplett model 630-NA volt-
ohm-mi lliammeter with a rated accuracy of± 4.0 percent. The side voltage 
drop was measured with a Hewlett-Packard Vacuum Tube Voltmeter, model 400H 
with an accuracy of ± 3.0 percent of full scale. 
The wall temperature time data were taken at the control panel by 
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using a Leeds and Northrup Millivolt Potentiometer Catalog No. 8686 and a 
stopwatch. These measurements were audibly read into an RCA portable tape 
recorder at various time intervals. Later, the tape was replayed, and the 
wall temperature-time readings were tabulated. Figures 5 and 6 show the 
location of the wall thermocouples on the test tank. These thermocouples 
were made from Thermo-ElectrLc Company, 30 B&S gage copper-constantan wire 
with Teflon insulation. 
The thermocouples were attached tc the walls by using a Baldwin-
Lima-Hamilton model VTW-34 spot welder. Leads from the wall thermocouples 
run to the two thermocouple switches located on the control panel. To 
minimize conduction effects in the wall thermocouples, approximately one 
inch of each thermocouple wire was coiled and pressed against the heater 
walls as recommended by Jakob (17). The foamglass insulation removed when 
placing the thermocouples on the walls was replaced by a fiber glass type 
insulation of comparable thermal conductivity. 
The bulk liquid temperature data were taken by using a vertical 
thermocouple probe and a 24-channel Honeywell Electronik 16 multipoint 
strip chart recorder. Factory accuracy of the recorder is ± 0.25°F. 
However, as explained in Appendix B, better accuracy was obtained by cali-
brating the recorder with the thermocouples within the system. 
The bulk thermocouple probe used in all the tests was designed and 
built by Tatom (5). It consists of a two inch diameter Plexiglas tube 
119 inches long with 59 thermocouples spaced at various intervals along 
the tube length. In the L/W equal, to one and three tests, two additional 
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Figure 6. Location of Bottom Thermocouples 
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information on the bulk profile in the lower part of the tank. Table 1 
gives the location of the thermocouples for each aspect ratio. The ther-
mocouple spacing was chosen so as to give an adequate number of the.rmo-
couples in the region of the most severe thermal gradients. 
Table 1. Thermocouple Locations 
Sensor 2 Foot Tests 6 Foot Tests 9.75 Foot Tests 
Number Location Location Location 
(Inches from (Inches from (Inches from 
Bottom) Bottom) Bottom) 
1 1 1 1 
2 2 6 6 
3 4 12 12 
4 6 18 24 
5 9 24 36 
6 12 30 48 
7 14 36 60 
8 16 42 68 
9 18 48 78 
10 19 54 88 
11 20 64 96 
12 21 66 102 
13 22 68 108 
14 23 70 112 
15 23.5 71 116 
16 Surface Surface Surface 
The bulk thermocouples were made from Honeywell 20 gage copper-
constantan wire with a double coating of polyvinyl insulation. The reason 
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for choosing this stiff wire was so that the thermocouple junctions would 
remain fixed after installation. The thermocouple junctions are located 
two inches from the Plexiglas probe so that any probe effects should be 
small. The thermocouples were cemented in place using a silicone rubber 
cement. The probe is located within the tank, such that the thermocouple 
junctions form an imaginary centerLine of the vertical axis. The thermo-
couple wires ran through the center of the Plexiglas tube and out at the 
tank top, then through the probe support arm and into the junction box. 
At the junction box, 24 extension wires are used to feed the data to the 
multipoint recorder. 
Previously, questions have been raised as to the effect, if any, 
that the size of the bulk probe has on the temperature measurements. 
Schneider (26) has recently shown that the overall effect on temperature 
reading using probes of this diameter as well as larger diameter probes 
is negligibly small. Another possible source of error in using the bulk 
temperature probe is the conduction effect from the relatively large wire 
Tatom (5) noted that, by removing approximately 1.5 inches of the wire 
insulation on the thermocouples in the top one foot of the tank, the con-
duction effect produced an error no greater than ± 0.04°F and hence is 
negligible. 
Photographic System 
The system used to obtain the qualitative information of the flow 
in the tank consisted of a Yashica TL Super 35 mm single lens reflex 
camera, light box, and Schlieren system. The camera used had an f 1.4, 
50 mm lens. The film used throughout all the tests was Kodak Tri-X and 
28 
was developed in Acufine developer. 
The particle streak photographs were taken by using a one second 
time exposure and reducing the f number during the exposure. However, 
this arrangement made particle streaks appear large at the start of the 
exposure and small at the end. Thus, in later photographs, the f number 
was started at a high number and reduced to the lowest setting. This 
procedure made the streaks increase in size in the flow direction. In 
obtaining the particle streak photographs an intense light system was 
employed at the tank top. The light system as shown in Figure 7 consists 
of four 1000 watt Sylvania Quartz Iodine lamps and a converging lens ar-
rangement. The light system was designed so that a thin parallel beam of 
light could be directed either from the top of the tank, i.e., parallel 
to and midway between the glass plates, or perpendicular to the tank, 
in which case the photographs are taken at the tank top. 
In photographing the particles from the tank top, the light source 
must be placed such that the light beam is located within the top three 
feet of the fluid. Particles at greater depths cannot be photographed 
because the test fluid absorbs or attenuates the light reflected from the 
particles. 
Brooks (27) , Tatom (5), and Schneider (26) have previously used 
particles of this type. The particles are called Eccosheres and are 
manufactured by Emerson and Cuming, Inc. They are hollow glass spheres 
with a specific gravity very close to water and reflect light very well. 
The diameter of the particles used in the tests varied in size from 
0.0024 ̂  D s 0,0035 inch. 
The Schlieren photographs were made by using a six inch Schlieren 
220V ac 
Q heating surface Q 
Figure 7. Schematic Drawing of Power System 
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system manufactured by the Aerolab Supply Company. Since the mirrors on 
the basic system were relatively fixed., a second mirror system consisting 
of four 10 by 14 inch front-surface mirrors was used in obtaining photo-
graphs at various elevations in the tank. One series of shadowgraph 
photographs was taken by employing the Schlieren light source, one concave 
mirror and an opaque sheet of paper attached to the glass plate. However, 
these photographs revealed little new information of the flow characteris-
tics and were discontinued, 
Power Supply and Control 
Heating of the panels within the tank was accomplished by allowing 
a low voltage, high amperage alternating current to flow through the Inconel 
sheets. Since the electrical resistance of the heating panels is low, a 
large current is necessary to provide adequate heating rates. The high 
currents, up to 600 amps, were possible by using a stepdown dry type 
transformer and saturable reactor. As shown in Figure 4, the bottom and 
side panels were heated by separate systems. 
The side heating system utilizes a 7.5 KVA transformer and a 5.0 
KVA saturable reactor. The saturable reactor is controlled by using a 
variable direct current voltage from a small variable A.C. transformer 
and a silicon rectifier bridge. The bottom power utilizes a 7.5 KVA 
transformer and a 2.0 KVA saturable reactor and is controlled like the 
side power. Figure 8 shows an electrical diagram of the side power supply 
circuit. The circuit for the bottom power is identical except for the 
different reactors. 
Fill, Drain, and Filtration System 
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is filtered before entering the tank by a Cuno Micro Klean filter unit. 
This unit filters out particles as small as five microns in diameter; 
hence, it is sufficient in providing clear water for the photographs. 
To drain the tank, two lengths of garden hose, attached at one end of a 
one inch pipe, are lowered into the tank. A three-quarter horsepower 
Worthington Monabloc pump is used to remove the fluid. The fluid within 
the tank may be circulated to obtain either a uniform temperature or to 
remove extraneous particles. This process is accomplished by opening the 
circulation valve on the control panel, placing the intake and exhaust 
hoses within the tank and then turning on the circulation pump, which is 
also a three-quarter horsepower Worthington Monobloc pump. During some 
tests, the combined features of draining and filling were employed so 
that a lower uniform temperature would be obtained. 
Tap water was used as the test fluid because of its availability 
and relative pureness. Upon checking the electrical resistivity of 
several samples, it was found that the resistance per unit volume for the 
tap water was approximately 4.7 X 105 ohms per cm3, while for distilled 
water it is 5.0 X 105 ohms per cm3 (28). 
The fill system consists of two valves located at the wall next to 
the control panel. A combination of hot and cold tap water or either one 
separately may be used in filling the tank. The hot water line was added 
so that a higher initial bulk temperature could be obtained. 
Experimental Procedure 
Temperature Data 
In obtaining the wall and bulk temperature data, the desired liquid 
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level within the tank was established and the liquid circulated to obtain 
a uniform thermal equilibrium state. If the tank had been previously 
drained, the filling process usually resulted in a uniform thermal state 
and the liquid was not circulated. The procedure of filling and circulat-
ing the liquid within the tank, to obtain a uniform thermal condition, 
was relatively easy at depths of two and six feet, but at depths of 9.75 
feet it was quite difficult. 
Approximately one-half hour before making a test, the strip chart 
recorder power was turneo on sc that the instrument internal temperature 
would be stabilized before any data were, taken. A zero time reading of 
the bulk temperature was taken on the recorder while a zero time reading 
of the wall temperature was taken using the potentiometer. After comple-
tion of all initial readings, a check of the data was made to determine 
if the tank and fluid were at a uniform temperature. Occasionally, a 
slight gradient in both the bulk and wall temperature existed. However, 
this gradient never amounted to more than a ± 0.5°F temperature differ-
ence between the bottom and top thermocouples within and on the test tank. 
With this small gradient, the tank was considered to be in a uniform 
thermal state. 
About five minutes were required to make and check the initial 
reading for each test so the fluid within the tank was always in a quies-
cent state before the power was turned on. After the initial reading was 
made, the recorder was again started, the power was turned on to the tank 
and the stopwatch was started simultaneously. Frequently during a test 
the power to the heating panels was adjusted in order to keep the heating 
rate uniform. This procedure required either increasing or decreasing 
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the current to the saturable reactors via the small variable transformers 
on the control panel. Values of the heating panel current and voltage 
were tabulated along with the variac settings. The wall temperature-time 
data were recorded every five minutes using the potentiometer, stopwatch, 
and tape recorder. The test was completed when the thermal gradients 
within the tank reached a quasi-steady state with the bulk temperature 
differences increasing linearly with time. 
During the first series of tests, the wall temperature on both 
walls was recorded. However, upon checking the data, the temperatures of 
the walls were relatively close to each other, being no more than ± 1.0°F 
difference. These measurements indicated that the walls were transferring 
almost identical amounts of heat. Thus, in later tests only the tempera-
ture data from one wall were recorded. 
As a further check on the heating rates from each wall, the voltage 
drop across each wall was measured during several tests. It was found 
that the maximum percent error in the voltage drop occurred when testing 
at low power. The maximum error in voltage drop for the two walls was 
no greater than 7.26 percent at the low power settings. This value 
dropped to about 5.0 percent during the highest power test. 
Photographic Data 
To obtain the photographic data, duplicate tests were run since 
operation of the camera and potentiometer, without outside assistance, 
during the same tests was not possible. Also, by running duplicate tests, 
a check on the reproducibility of the bulk temperature data could be made. 
The initial preparations for the photographic tests were more elaborate 
than for the temperature tests. The details of the initial preparations 
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are discussed by Brooks (27) and Tatom (5). Briefly, they consisted of 
emptying, cleaning, and refilling the test tank with filtered water. At 
the beginning of the filling process the particles were placed in the 
tank so that during the filling process, the particles would be more uni-
formly mixed within the bulk liquid. The amount of particles placed 
within the tank varied with each test, but the number recommended by 
Tatom (5) appears to give satisfactory results. 
After completion of the filling process, the camera was positioned 
and focused and all initial data recorded. This procedure usually required 
about five minutes which was sufficient: time for the particles and fluid 
within the tank to be in a quiescent state. Once the test was started, 
a record of the time and exposure number was made along with any other 
visually observed phenomena. During each exposure, the f number was manu-
ally increased or decreased to give a sense of direction to the particle 
streaks. The Schlieren photographs utilized the same procedure except 
that no particles were used and the f number remained constant. 
The film used in making all of the photographs was Kodak Tri-X Pan 
film with an ASA 400 rating. However, the exposures x̂ ere made with an 
ASA 800 rating. The film was developed in Acufine developer. It was 
found that this procedure produced a fine grain which gave a better con-





In this study of baffles and their effect on thermal stratification 
a total of 119 tests with and without baffles was conducted. These tests 
covered a modified Grashof number range from 7.5 x 108 to 4.6 x 1015 with 
the fluid properties in the Grashof number evaluated at the wall tempera-
ture. During these tests, the tank height to width ratio, often called 
the aspect ratio, L/W, varied between 1 and 4.88. Table 4 in Appendix D 
presents a summary of the test program. Figure 8 illustrates the vari-
ous baffle configurations tested. To insure that the test results were 
accurate, many of the test conditions were rerun several times. For ex-
ample, tests T-2, T-5, and T-6 were run under identical conditions. A 
check of the experimental data showed that bulk temperature profiles at 
the specific time intervals were almost identical. Deviations between 
temperature differences for the tests for the different thermocouple loca-
tions were no more than ± 5 percent at equal time values. Also, the dif-
ference between the integrated average bulk temperature and initial tem-
perature for specified time intervals was compared and found to agree 
± 2 percent. 
In this investigation, for a given aspect ratio, the effects of 
different numbers and sizes of baffles and baffle inclination for several 
heat flux ratios was studied. Since the aspect ratio appears to play a 
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major role in the shape of the bulk temperature profile and since three 
different aspect ratios, with and without baffles, were investigated, it 
was felt that the experimental results should be presented as follows: 
1. No baffle tests, L/W - 4.88 
2. Baffle tests, h/w = 4.88 
3. No baffle tests, L/W = 3.0 
4. Baffle tests, L/W = 3.0 
5. No baffle tests, h/w = 1.0 
6. Baffle tests, L/W - 1.0 
No Baffle Tests, L/W = 4.88 
For a fluid level of 9.75 feet, typical measured bulk temperature 
profiles without baffles for different time intervals are illustrated in 
Figures 9, 10, and 11. As previously noted by Tatom (5) for the case of 
side heating only, the bottom bulk temperatures remain essentially con-
stant at the initial temperature of the fluid. An analysis of Figure 9 
reveals that a temperature gradient is immediately set up after heat is 
applied at the side walls and penetrates deeper into the bulk fluid with 
increasing time. From Figure 10, it is seen that, with the addition of 
bottom heating, the temperature gradient within the bulk fluid is not as 
severe as for the case of side heating only, except at the tank top. How-
ever, the gradient near the top is reduced when bottom heat is applied. 
With the addition of a larger quantity of heat at the bottom than at the 
sides, that is, for large values of Q,/<3 , a temperature inversion is set 
D S 
up at the bottom of the tank as illustrated in Figure 11. However, this 
temperature difference is not as large as that formed at the top. The 
reason for such severe thermal gradients in the bulk fluid, for the case 
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Figure 10. Container Height versus Bulk Temperature; 





Figure 11. Container Height versus Bulk Temperature; 
L/W = 4.88, q /q = 8.09 
41 
of no baffles and no bottom heat flux is that the fluid heated at the tank 
side walls flows up these walls uninterrupted and mixes only at the tank 
top as illustrated in the model of Figure 1. Tatom, in his analysis of 
stratification, noted that some mixing occurs between the bulk and bound-
ary layer flow which has an effect of reducing the size of gradient near 
the middle of the fluid. This mixing action is a result of the counter-
flow that exists between the boundary layer and bulk fluid. In the imme-
diate vicinity of the two flow processes, large vortices are generated 
which greatly assist in the mixing process. The addition of bottom heat 
flux tends to make the boundary layer along the side wall extremely tur-
bulent, thus assisting in the mixing of the boundary layer flow with the 
bulk fluid. Also, it tends to increase the turbulence within the bulk 
liquid itself, particularly near the bottom. In several of the tests, 
the temperature near the bottom fluctuated due to the induced turbu-
lence; hence, the data shown in Figures 10 and 11 are instantaneous values. 
Fluctuations on the order of 0.5°F were experienced near the tank bottom. 
The aspect ratio plays a role in the shape of the bulk temperature 
profiles as is indicated by a comparison of Figures 9, 20, and 29. In 
the high aspect ratio tests, an S-shape bulk profile is set up and is 
generally maintained for the duration of the tests. Usually, these pro-
files become more distinctive with increasing time as the stratification 
progresses deeper into bulk fluid. Such S-shaped profiles have been ob-
tained previously by Neff (6), Bailey (29), and Tatom (5), when testing 
vessels with large aspect ratios. The difference between these bulk 
temperature profiles for the low and high aspect ratio tests is probably 
a result of the turbulent flow which occurs in the large aspect ratio. 
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The addition of bottom heating, for L/W = 4.88 and 3.0 tends to destroy 
the S-shaped bulk profile and make the bulk temperature more uniform as 
illustrated in Figures 10 and 11. 
Baffle Tests, L/W = 4.88 
In adding baffles to the sides of the tank walls, one must realize 
the different variables which are added tc the problem. For example, the 
size and the number of baffles, along with the angle which the baffles 
make with the vertical walls, will each affect the bulk temperature pro-
file. Thus, each variable must be investigated separately. For this 
reason, several tests for various values of q,/q at each aspect ratio 
with different number and sizes of baffles on the vertical walls of the 
tank were performed. Figures 9, 12, 13, and 14 illustrate how the number 
and size of the baffles affect the bulk temperature profiles for the case 
of side heating only. In comparing these figures, one finds that the 
typical S-shaped profile of Figure 9, for the no baffle case, is not as 
pronounced when baffles are added to the tank. Thus, regardless of the 
baffle size, there appears to be some mixing taking place between the 
boundary layer flow and the bulk fluid when baffles are added on the ver-
tical walls. 
Im comparing Figure 9 with Figures 12, 13, and 14, the maximum 
temperature difference, 9 , is not the same in all four cases. Gener-
K max' 
ally, the tests with baffles have a higher value of 8 as indicated in J ' max 
the figures. The reason for higher values of 0 , when baffles are added, 
° max* ' 
is that the baffles retard the boundary layer flow and reduce the bulk 
mixing at the top of the tank. That is, if no baffles are present, the 
boundary layer flow moves along the vertical side walls uninterrupted and 
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Test No. TB-29 
Three 2 inch Baffles 
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Figure 12. Container Height versus Bulk Temperature; 
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acquires a larger velocity than is obtained when baffles are present. 
UThen this flow reaches the top of the fluid level, a rapid mixing takes 
place as the fluid turns the corner. When baffles are added, the bound-
ary layer flow is slowed down considerably and hence, the bulk mixing near 
the tank top is not as turbulent. Thus, the hot fluid tends to remain 
on top, creating a large value for 6 . 
max 
Perhaps a better explanation of how the baffles promote bulk mixing 
may be seen from Figure 15, where Q , bulk temperature difference? is 
plotted against X/L for tests number T-7 and TB-58. In this figure only 
two time intervals are illustrated since all other values of time are 
bracketed by these intervals. From this figure it is seen that the baf-
fles have the effect of mixing the heated boundary layer fluid with the 
bulk fluid in the lower portions of the tank. Hence, a more uniform 
temperature profile results over a major portion of the tank height. 
Essentially, the baffles promote more mixing near the bottom and within 
the bulk fluid and less mixing near the top. That is, the energy going 
into the bulk fluid is distributed more uniformly when baffles are present. 
Increasing the size of the baffle does not always result in a bulk 
temperature profile as uniform as when the number of baffles is increased. 
This fact is seen by again comparing Figures 12, 13, and 14 where, in the 
ranges of x/L from 0.15 to 0.85, a more uniform temperature profile re-
sults when the number of baffles is increased and not when the size is 
increased. From these figures it appears that the number of baffles is 
one of the more important parameters. However, if too many baffles are 
placed on the vertical walls, the flow around these baffles will be slowed 
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backside of the baffle will occur. With reattachment, the mixing action 
normally associated with the separating flow is reduced and the baffles 
lose their effectiveness. Vliet (8) in several of his tests observed 
that the flow around the baffles reattached to the backside of the baffle, 
reducing the mixing action. However, the distance between successive 
baffles in his tank was small; thus, only laminar flow existed between 
the baffles. In most all tests of this investigation, except for the low 
aspect ratio tests, the distance between successive baffles was large 
enough to promote turbulent flow over a portion of the vertical walls. 
Thus, the velocity of the boundary layer flow was large enough in most 
instances to promote separation from the baffle. 
The effect of baffle inclination can be seen by comparing Figures 
16 and 17 with Figures 9, 12, and 14. With the baffles inclined up, at 
an angle 45° to the vertical walls, very little difference in the bulk 
temperature profile is realized. That is, baffles inclined up do not 
assist in mixing the flow any more than those perpendicular to the walls. 
One series of the tests with four 6 inch baffles inclined down at 45° was 
run and again it was found that this design had about the same effect as 
the horizontal baffles. At first, it appears that the inclined down 
baffles might be more effective in promoting mixing since this design 
would tend to send the heated boundary layer flow into the bulk fluid. 
However, as previously noted by Neff (6), with increasing time the space 
between the wall and the concave down baffles becomes filled with the hot 
boundary layer fluid and they begin to divert the boundary layer flow like 
horizontal baffles. From analysis of Schlieren and particle photographs 
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Figure 16. Container Height versus Bulk Temperature; 





Figure 17. Container Height versus Bulk Temperature; 
L/W = 4.88, qb/qs = 0.0 
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of the concave down baffles, it was found that, at times, the baffles do 
effectively divert the boundary layer flow down. However, this is a 
periodic type phenomenon and is not steady enough to be any more effec-
tive than the flow separation from the horizontal baffles. 
The effect of heat flux ratio, q,/q , with baffles added on the 
walls can be seen by comparing Figures 18 and 19 with Figure 13. For 
heat flux ratios close to one, an almost uniform bulk temperature results 
for all values of time with a severe gradient only near the fluid surface. 
With a further increase of the heat flux ratio to a value around 8.0, a 
thermal inversion situation is created where the fluid near the heated 
bottom is at a higher temperature than the rest of the fluid except near 
the top. This situation is illustrated in Figure 18 for the case of 
three 6 inch baffles at 90° to the vertical walls. This situation is 
just as undesirable as the other extreme created with no bottom heat flux. 
It appears that for large values of the heat flux ratio, the baffles are 
not effective in promoting mixing but retard the bottom heated fluid, 
trapping it in the lower region of the tank as is illustrated in Figure 
18. Increasing the amount of bottom heat with baffles does not increase 
the overall bulk mixing. From the experimental data, it appears that the 
ideal values for the flux ratio, to insure proper mixing of the bulk 
fluid at the bottom, are around q,/q ::= 1-5 for the aspect ratio of A. 88. 
Also, from an analysis of the data, the ideal size and number of baffles 
for the L/W = 4.88 tests and for high values of side heating only, appear 
to be four 4 inch or 6 inch baffles at 90° to the vertical walls. Four 
baffles on each wall at 90° was not investigated, since placing large 
numbers of baffles within the tank proved to be quite difficult. 
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Figure 18. Container Height versus Bulk Temperature; 
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Figure 19. Container Height versus Bulk Temperature; 
L/W = 4.88, qb/qs - 1.52 
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From the above discussion, it is evident that the size, the number 
of baffles, and the heat flux ratio are important variables to be con-
sidered in design criteria. The magnitude of the individual heat fluxes 
appears to be of lesser importance, unless a change of phase is taking 
place near the surface, since these variables are included in the modified 
Rayleigh or Grashof numbers. A large magnitude of side heat flux promotes 
a more rapid boundary layer and bulk flow. For a large value of bottom 
heat flux, on a flat bottom, the cellular convection process extends 
further into the bulk fluid and interferes with the downdraft bulk flow 
process. When baffles are added close to the bottom, the effect is to 
reduce the bulk flow within the tank center in the lower region as is 
illustrated in Figures 18 and 30. 
No Baffle Tests, L/W = 3.0 
For an aspect ratio of 3.0, Figures 20, 21, and 22 illustrate 
representative bulk temperature profiles with height. As can be seen 
from these figures, the profiles bear a similar shape to those exhibited 
in the larger aspect ratio tests. Due to the difference in side heat flux 
for these series of tests, the bulk temperature profiles for a heat flux 
ratio, q,/q =0.0 and L,/W =3.0 possess a sharper gradient in temperature 
in the lower region of the container than those for L/W = 4.88. See Fig-
ure 9 for a comparison. Also, this gradient increases in severity and 
depth with time. In Figure 20, the heat flux is greater than in Figure 
9. This is a result of running the tests at maximum power to produce 
maximum mass flow up the container walls. 
As in the larger aspect ratio tests, the addition of bottom heating 
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Figure 20. Container Height versus Bulk Temperature; 
L/W - 3.0, qb/qg = 0.0 
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Figure 21. Container Height versus Bulk Temperature; 




Figure 22. Container Height versus Bulk Temperature; 
L/W = 3.0, qb/qg » 1.13 
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reduces the gradient in the lower portion of the tank as seen from Figures 
21 and 22. For this aspect ratio, tests involving q,/q » 1 were not run 
since previous testing had shown this condition to be undesirable and the 
baffles had little effect. From Figure 22 it can be seen that, for heat 
flux ratios close to 1.0, some degree of thermal inversion begins. 
Changing the magnitude of the bottom and/or side heat flux produces re-
sults which are similar to Figures 20, 21, and 22 with only a slight de-
crease in the severity of the bulk temperature gradient. 
Baffle Tests, L/W = 3.0 
Tests with baffles for this aspect ratio included: two 4 inch, 
three 4 inch, one 6 inch, and three 6 inch baffles perpendicular to the 
container walls. No tests were run with baffles placed at angles of 45° 
or 135° since previous tests had indicated little difference in the over-
all effectiveness. Table 6 in Appendix D presents a summary of these 
tests. 
As seen by comparing the results of Figures 20, 23, and 24 for 
q,/q - 0.0, the two 4 inch baffles have a smaller effect on the bulk 
b s 
temperature profile than do the three 4 inch baffles. By effect is 
meant the distributing of the heat input to reduce the bulk temperature 
gradient over the tank height. The best baffle arrangement tested for 
this aspect ratio was three 6 inch baffles equally spaced on each wall. 
The results of this arrangement are illustrated in Figure 27. In com-
paring the results of Figures 20, 26, and 27, one must keep in mind 
the results obtained in the larger aspect ratio tests. For L/W = 4.88, 
the six inch baffles were found to produce the more uniform profiles. 
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Figure 23. Container Height versus Bulk Temperature; 
L/W = 3.0, qb/qs = 0.0 
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Figure 24. Container Height versus Bulk Temperature; 
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Figure 26. Container Height versus Bulk Temperature; 




Figure 27. Container Height versus Bulk Temperature; 
L/W = 3.0, qb/qs - 0.0 
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This results, as explained earlier, because of the increased bulk mixing 
with the larger baffles. 
For increasing values of the heat flux ratio, a more uniform bulk 
temperature is realized as in the higher aspect ratio tests. Figures 25 
and 28 illustrate representative bulk temperature profiles for qK/q > 0. 
For q,/q = 1.13 and three 6 inch baffles, an almost uniform bulk tempera-
ture profile is realized. Again, as for the larger aspect ratio tests, 
certain combinations of baffles and. bottom and side heating will produce, 
through bulk mixing, an almost uniform bulk temperature. 
No Baffles Tests, L/W =1.0 
Figures 29, 30, and 31 illustrate representative bulk temperature 
profiles when no baffles are present for the three different heat flux 
ratios of 0.0, 0.44, and 1.08 for a liquid level of two feet. From Fig-
ure 29, for no bottom heat flux, it is seen that several of the bottom 
thermocouples do not realize much of a response or change in bulk tem-
perature, which had not been noted previously in the L/W =4.88 and 3 
tests. That is, in the low aspect ratio tests, the major part of the 
temperature change is restricted to the top half of the tank. Only for 
large values of time does the fluid near the bottom of the tank experi-
ence a temperature change of appreciable magnitude. In these tests, the 
bulk profiles gradually approach a. linear function of the tank height. 
To begin with, they are convex toward the fluid surface. After long 
periods of time, the profiles will become concave with respect to the 
fluid surface. In these low aspect ratio tests, laminar flow exists over 
most of the vertical side wall, since there was not sufficient mixing 
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Figure 28. Container Height versus Bulk Temperature; 
L/W= 3.0, qb/qs = 1.13 
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Figure 29. Container Height versus Bulk Temperature 
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Figure 30. Container Height versus Bulk Temperature; 
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In this situation, the stratification starts at the top and progresses 
gradually into the bulk fluid. 
In the low aspect ratio tests, the addition of bottom heat has a 
pronounced effect on the bulk temperature profile as illustrated in Fig-
ures 30 and 31. With the addition of approximately one-half the magnitude 
of the side heat flux at the bottom, q /q = 0.44, the bulk temperature 
profiles tend to be uniform, over half the tank height, for the first 
15 minutes. With a further increase of the heat flux ratio to a value of 
1.08, a slight temperature inversion condition is set up at the tank bot-
tom. Hence the ideal value of the bottom heat flux would be somewhere 
around 0.50 which is one-third the value for an aspect ratio of 4.88. 
The effect of aspect ratio on the bulk temperature profile for the 
no baffle cases and no bottom heating can be seen from Figures 9, 20, and 
29. During several of the tests, the boundary layer along the vertical 
walls was examined with a Schlieren system. It was found that, for the 
low aspect ratio tests, laminar flow existed over most of the vertical 
wall with transition trying to take place in the last few inches. For 
aspect ratios of 3 and 4.88, it was found that the flow along the vertical 
walls changed from laminar to turbulent at a height of two to three feet. 
In the high aspect ratio tests, the turbulence was generally more rapid 
in mixing which is responsible for the difference in the shapes of the 
bulk profile as mentioned previously. When bottom heat is applied, the 
low aspect ratio tests show the most significant improvement. The reason 
for this is that, in bottom heating tests, the bottom heat flux was the 
same regardless of the aspect ratio. Since this heat flux affects a 
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certain portion of the bottom bulk fluid, its effect is best realized in 
the low liquid level tests. 
Baffle Tests, L/W = 1.0 
Figures 32, 33, and 34 illustrate how the number and size of the 
baffles affect the bulk temperature profile in the low aspect ratio tests. 
In comparing Figures 29, 32, and 34, it is apparent that the addition of 
baffles on the vertical walls has an effect on the bulk temperature pro-
file, especially near the bottom of the tark. By increasing the number 
of baffles as seen from Figures 32 and 33, more of the bulk fluid is af-
fected by the mixing resulting from the baffles. From a Schlieren analy-
sis of several tests, it was found that the flow around the baffles for 
the low aspect ratio tests was considerably slower in velocity than the 
flow at the higher aspect ratios. This should be expected since, for a 
fluid level of two feet, the natural convection boundary layer flow is 
slow for moderate temperature differences even when baffles are not pre-
sent. With the addition of baffles on the vertical walls, the length of 
the wall over which the boundary layer flow develops is greatly reduced, 
particularly when the number of baffles is large. Also, continued increase 
in the size of the baffle may not result in additional mixing as was the 
case for the other aspect ratios. This fact can be seen by comparing the 
results of Figures 33 and 34, where all conditions are the same except the 
size of the baffles. From the figures, it is evident that no more of the 
bulk fluid is affected by the increase in the size of the baffles. From 
an observation of the flow around the large eight inch baffles in the low 
aspect ratio tests, it was found that the flow along the under side of 
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Figure 32. Container Height versus Bulk Temperature; 




Figure 33. Container Height versus Bulk Temperature; 
L/W =1.0, q,/q » 0.0 
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Figure 34. Container Height versus Bulk Temperature; 
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these baffles was always laminar and slow, However, in most all cases, 
the flow separated from the baffle tip. 
Figure 35 is representative of the bulk temperature results with 
the baffles inclined at an angle of 45° to the walls of the tank. From a 
comparison of Figures 35 and 33, it can be seen that baffles inclined up 
have actually less effect on the bulk temperature than those perpendicu-
lar to the walls. This fact is particularly true in the lower region of 
the tank. The reason for this result is that, for baffles inclined up-
ward, the boundary layer flow is retarded very little when it reaches the 
baffle. Although the flow is much more turbulent at the baffle tip, the 
turbulence does not extend far enough into the bulk liquid to be effective 
in promoting bulk mixing. The momentum or velocity associated with the 
boundary layer flow is not as great in the low aspect ratio tests; thus, 
the fluid is not pushed into the center of the tank as previously noted 
in the high aspect ratio tests. With concave down baffles, the trapping 
of hot fluid between the baffle and wall is more pronounced than in the 
other aspect ratio tests, and this shape of baffle quickly resembles a 
flat horizontal baffle. The reason for this is realized when one con-
siders the velocity within the boundary layer flowing along the vertical 
walls. With a large number of concave down baffles placed on these walls, 
the boundary layer velocity is reduced to such an extent that practically 
none of the wall heated fluid is diverted down into the bulk liquid as 
might be expected. 
The effect of heat flux ratio when baffles are present within the 
tank can be seen from Figures 33 and 36. For a heat flux ratio of 1.08 
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Figure 36. Container Height versus Bulk Temperature; 
L/W = 1.0, qb/qg = 1.08 
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and three 4 inch baffles at 90° to the wall, a uniform bulk temperature 
is realized over approximately 80 percent of the tank height for all 
values of time. Thus, it appears that, with certain combinations of 
baffles and bottom heat flux, an almost, uniform bulk temperature will 
result. It is believed, by this investigator, that it is impossible to 
mix the bulk fluid at the top with any baffle design. Hence, some form 
of temperature gradient will persist In this region. It is possible to 
have a uniform bulk profile with some type of mixing even when the bulk 
fluid is not at thermal equilibrium with the environment. That is, re-
gardless of whether the bulk temperature is uniform or not, if a tempera-
ture difference exists between the bulk and wall, a natural convection 
flow situation is set up along the walls of the container unless the mix-
ing process is sufficiently strong to destroy the natural convection pro-
cess. If this were the case, the heat transfer process would then be 
forced convection. 
In the next chapter, a qualitative analysis of the results dis-
cussed in this chapter will be presented. The results presented in the 
next chapter are an integral part of the overall analysis. 
Photographic Analysis 
During the course of this investigation, several photographs of 
the flow around the different baffle designs were taken. However, only 
the results of tests for L/W = 4.88 and 1.0 will be discussed, since the 
results for L/W = 3.0 were found to be cLosely related to L/W = 4.88. 
Photographs using both a Schlieren system and neutral density particles 
suspended in the test fluid revealed that, for the high aspect ratio tests, 
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the flow seldom became reattached to the back side of the baffles. 
Vliet (8) and Vliet and Brogan (7) had earlier noted that baffles became 
less effective with increasing time because of the reattachment of the 
boundary layer flow to the backside of the baffle. In Figure 37, the 
flow around the middle baffle, located at X./L = 0.5, with three 2 inch 
baffles on each wall, reveals that some of the flow is reattached for 
small values of time after the initiation of heat. However, for extended 
values of time, the flow separates from the baffles and remains separated 
for the duration of the tests. The coarse turbulence noted below the baf-
fles for extended values of time is a result of the turbulent boundary 
layer, plus the turbulence created by the baffle below this baffle. 
During the course of a test, several of the baffles were examined to see 
if the flow around each baffle was identical. Except for the lowest baf-
fle on the walls, the flow was essentially the same around all other baf-
fles. The first baffle usually experienced a more uniform flow since 
there was no baffle below it to create any irregular bulk turbulence. 
However, a slight turbulence existed before the first baffle as a result 
of the turbulent free convection boundary layer. Tatom (5) observed 
photographically the boundary layer on the tank walls without baffles 
present and found that a coarse turbulence is induced along the vertical 
walls. The boundary layer appears to be made up of a fine turbulence 
close to the walls with the presence of vortices at the outer edge. 
Fujii (12) and Szewczyk (30) have previously observed a double layer vor-
tex motion of free convection boundary layers. Szewczyk noted that the 
outer layer vortex motion is predominant and sets in first, well in ad-
vance of the turbulence of the inner layer. The outer layer turbulence 
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was found to be responsible for instabilities of the inner layer, hence, 
making the experimental Grashof number lower than the theoretical, which 
is calculated from the inner layer instability. 
The flow around baffles of larger size can be seen in the particle 
photographs of Figure 38. Again, it is seen that very little back flow 
is obtained. However, when flow behind the large baffles occurred, it 
was intermittant and lasted for only a short time. From these photo-
graphs, it can be seen that the distinct advantage large baffles have is 
that they shove the heated boundary layer fluid further into the bulk 
liquid. Another characteristic possessed by the larger baffles is the 
fact that they have more of a tendency to create vortices at the tip of 
the baffles. These vortices in many cases extended into the middle of 
the bulk fluid which gave the desired effect of reducing the bulk tem-
perature gradient. The string and washer shown at the left in the photo-
graphs is located approximately eight inches from both the wall and glass 
front. The string was used to focus the camera at a specific depth. 
In Figure 38, the heat flux ratio is 4.05. For lower values of 
the heat flux ratio, a more rapid and turbulent flow is realized around 
the baffles. Particle photographs, for q./<3 = 0 . 0 , show that generally 
larger vortices with a larger rotation velocity are present at the baffle 
tips for lower heat flux ratios than for high values of this parameter. 
The photographic sequence of Figure 39 illustrates the flow around a six 
inch baffle for low values of the heat flux ratio, q,/q = 0.0. For 
b' s 
several values of time, it is seen that large vortices are generated above 
or below the baffles as the boundary layer flow is turned into the bulk 
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liquid. From the photographs it is also seen that the flow from both 
walls meets approximately at the tank center and turns either up or down. 
Usually the flow below the baffle turns down, while the flow above turns 
up at the center. It should be mentioned that the flow associated with 
the different baffle designs is not regular with time. Even for identi-
cal test conditions, that is, duplicate tests, the flow around the baffles 
was not the same for identical values of time. Also, in a few of the large 
baffle tests, some oscillation in the flow from the two walls was ob-
served. For example, at one instant of time, the flow around a baffle 
on one wall appeared to be larger than the flow from the baffle directly 
across the tank. A few seconds later, this flow situation had reversed 
itself. Such oscillations are believed to be a result of the bulk flow 
disturbance which results when large baffles are used. When no baffles 
are present on the vertical walls, a uniform flow down the center of the 
container is experienced. If large baffles are placed on the walls, this 
downward motion is disturbed and becomes irregular. 
Eichorn (31) has shown that with small particles, free convection 
velocities can be accurately determined. However, an approximation of 
the magnitude of the velocities may be obtained by measuring the length 
of the particle streaks and dividing by the exposure time. The camera 
exposure for all particle photographs was 1.0 second. Thus, the length 
of a particle streak, multiplied by a scale factor and divided by the 
time, will give an approximate velocity of the fluid at the streak loca-
tion. A more elaborate and accurate calculation procedure for the ve-
locity of the particles is given by Eichorn (31) and by Tatom (5). In 
his analysis, the defraction through the water, glass plates, and air is 
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taken into account. Also, the response of the particle to buoyancy and 
unsteady accelerations is calculated. 
The effect of baffle inclination can be seen by comparing the 
photographs of Figure 37 with those of Figure 40. In both cases, the 
number and size of the baffles was the same. Also, the aspect ratio and 
heat flux was identical. In Figure 40, after the first minute of heating, 
the flow separates from the baffle and never reattaches to the back side 
for the duration of tests. However, reattachment in some tests occurred 
further up the wall. It is interesting to note that, as the flow leaves 
the baffle, part of it is turned down and mixes with the bulk fluid. 
This is a result of the vortex motion created by the flow when it separates 
from the baffle and the downward motion normally associated with the stra-
tification phenomena when baffles are not present. The boundary layer 
flow leaving the baffle resembles somewhat the expansion of a fluid after 
passing through a nozzle. The top portion of the fluid continues, for a 
few inches, into the bulk liquid at about the angle it leaves the baffle. 
Again, as previously mentioned, the flow before the baffle is coarsely 
turbulent. This is a result of the turbulent boundary layer and the tur-
bulence created by the baffle lower in the tank. In most cases, the tur-
bulence between two baffles was greater than when the baffles were not 
present. That is, the small baffles act like turbulence generators along 
vertical walls. 
Adding heat to the bottom of trie tank has a pronounced effect on 
the flow around the baffles. This fact has been previously mentioned when 
discussing the large six inch baffles. However, bottom heat has more effect 
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on the flow when the size of the baffle is small. The Schlieren photo-
graphs of Figure 41 show that, when bottom heat is applied, the flow 
around the baffles is more turbulent and back flow persists for a major 
part of the total test time. Also, the. flow along the wall is increased 
in turbulence over the case when no bottom heat was applied. It is felt 
that this increase in turbulence with what: appears to be a thickening of 
the boundary layer causes the flow around the small two inch baffles to 
reattach to the wall quicker. 
For larger baffles inclined up, the effect of bottom heat is not as 
great. Representative particle photographs of flow around a six inch 
baffle at 45° to the wall are shown in Figures 42 and 43. The flow in 
this case had a tendency to reattach itself to the wall about 12 inches 
up the wall from the baffle. Also, with the addition of bottom heat flux, 
the flow around the inclined baffles had a tendency to be in an upward 
instead of outward direction. In both figures it is noted that a slight 
turbulence exists before the baffles. However, the turbulence appears 
to be less than that experienced by the two inch baffles. 
The sequence of photographs shown in Figures 44 and 45 for L/W = 
1.0 illustrates the same type of flow separation as experienced in the 
larger aspect ratio tests. However, the flow around the baffles in the 
low aspect ratio tests was much slower. Also, the flow in most all cases 
appeared to be laminar in nature. The reason for this is that the dis-
tance between successive baffles is smaller in the low aspect ratio tests, 
hence restricting the modified Grashof number to small values. Even with 
the slower motion associated with the low aspect ratio tests, the flow at 
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T = 30 seconds 
2 minutes 
Figure 41. Flow Around Two Inch Baffles at 45° to the Wall for 
Different Values of Time; L/W = 4.88, q /q =1.51, 
Three 2 inch Baffles b s 
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T - 5 minutes 
T = 10 minutes 
Figure 41. Continued 
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T = 20 minutes 
T = 30 minutes 
Figure 41,, Concluded 
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Figure 42. Flow Around a Six Inch Baffle After Two Seconds; 
0 =45°, qb/qg = 0.45, L/W - 4.88, Test No. TB-67 
96 
Figure 43. Flow Around a Six Inch Baffle After 20 Seconds; 
9 =45°, q/q = D.45. L/W = 4.88, Test No. TB-67 
' b̂ s 
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T = 65 seconds 
T = 3 minutes 
Figure 44. Flow Around Four Inch Baffles at Different Times; 
L/W = 1.0, qjq = 0.0, Three 4 inch Baffles nb s 
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x = 5 minutes 
T = 10 minutes 
Figure 44. Continued 
99 
x = 30 minutes 
T = 20 minutes 
Figure 44. Concluded 
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the tip of the baffles separated from the baffle and mixed with the bulk 
fluid. With even larger baffles placed on the walls of the tank, the 
flow along the baffles is further reduced. For example, in some of the 
eight inch baffle tests, at lower values of the side heat flux, the flow 
has a tendency to reattach to the back side of the baffle, thus reducing 
the mixing action which is desired. Photographs of the eight inch baffles 
are not presented since the Schlieren system employed had a six inch 
field of view which was not large enough to examine the whole baffle at 
one instant of time. With the addition of bottom heat, the flow around 
the large baffles, particularly near the center of the wall, was further 
reduced and very little mixing action was created in the bulk fluid. 
In Figure 44, the heat flux ratio is equal to 0.0 while in Figure 
45 it is 0.59. From a comparison of these figures, it is seen that the 
addition of bottom heat has the effect of reducing the flow beneath the 
baffles which in turn promotes reattachment. This was particularly true 
when low values of the side heat flux were used in tests with high values 
of the bottom heat flux. For the higher heat flux ratios, the flow tends 
to curl around the baffle and reattach to the wall about six inches up 
the wall from the baffle. In the low heat flux ratio tests it appeared 
from the Schlieren and particle photograph that more of boundary layer 
flow was diverted into the center region of the tank. 
When baffles are added to walls of a tank, the bulk temperature 
profiles are no longer constant across the tank cross section. Measure-
ments without baffles indicate an almost constant cross sectional tempera-
ture except in regions close to the heated walls or near the tank bottom. 
For this reason, the assumption of two-dimensional flow within such tanks 
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Figure 45. Flow Around Four Inch Baffles at Different Times; 
L/W = 1.0, q, /q = 0.53, Three 4 inch Baffles 
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had been used in developing analytical models. Schneider (26) photo-
graphically studied the flow in both large and small tanks and found the 
assumption of two-dimensional flow to be valid for the small tanks, but 
questionable in the upper regions of large tanks such as the one used in 
this investigation. With the addition of baffles on the vertical walls 
of large tanks, the flow is more likely to be three-dimensional throughout, 
hence making an analytical solution to the problem extremely difficult. 
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CHAPTER IV 
CORRELATION OF DATA 
Baffle Effectiveness 
In the previous chapter, various bulk temperature profiles with and 
without baffles were presented. From these figures, it can be seen that 
baffles have the general effect of promoting a more uniform bulk tempera-
ture throughout a greater part of the bulk fluid. To measure this effect 
Vliet (8) defined the term baffle effectiveness, E, and derived an equa-
tion for this term which is presented in Chapter I. In Vliet's original 
equation, the temperature moment about the bottom of the vessel was made 
dimensionless with respect to the uniformly mixed case according to the 
equation 
* MT " V 2 
MT «• T l S (4'1} 
XN 
2 
In the above equation, M is defined in terms of a local temperature dif-
ference (T - T.) which is then being compared with a temperature moment 
based on an average bulk temperature, T. It was felt by the author that 
a better comparison could be obtained by using an average temperature 
difference, G, instead of the average temperature. Using an average tem-
perature difference, Eq. (4.1) becomes 
QL2 
* MT " T 
Me = — ; B £ - (4*2) 
2 
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with the baffle effectiveness, E, defined as 
Mft 
E = I - - — (4.3) 
M 
8N 
On substituting for M_ and M A„, this equation becomes 
to 8 0N 
eN "5N
 e M e> " Me 




ML„ - — M, 6N 2 9N 2 
since 8 = 0.T. N 
The significance of the effectiveness parameter has previously been dis-
cussed in Chapter I. 
An Algol computer program, using Eqs. (4.1), (4.2), and (4.4) along 
with Simpson's numerical method of integration, was written and run on a 
Burrough's B-5500 computer. The effectiveness values calculated for many 
of the tests are illustrated in the following sections. A listing of the 
computer program is presented in Appendix E. 
Baffle Effectiveness, L/W = 4.88 
Representative effectiveness values for the high aspect ratio tests 
are illustrated in Figures 46, 47, and 48. From Figure 46, for a heat flux 
ratio of zero, it is seen that for early values of time, the most effective 
baffle design tested was either three 2 inch baffles or one 6 inch baffle 
at 90° to the vertical wall. However, the effectiveness of the two inch 
baffles decreases rapidly with increasing time. The most effective baffle 
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Figure 46. Effectiveness versus Time for Various Baffle Designs 
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Although this design appears to be slightly less effective for the first 
five minutes, its effectiveness is higher for extended values of time as 
shown in the figure. The results of three 4 inch baffles on each wall are 
consistently below those of the three 6 inch baffles for all values of 
time. All the curves, however, have the same general trend of becoming 
less effective as time increases. During the effectiveness calculations, 
it was observed that a small error in temperature, especially near the 
top of the fluid, could make a considerably larger error in the baffle 
effectiveness, because of the temperature moment calculation, Near the 
tank top, the lever arm for the moment calculation about the bottom of the 
vessel is large, therefore a larger or smaller moment will be calculated 
depending on whether or not the measured bulk temperature is larger or 
smaller than the true bulk temperature.. .This fact could have caused the 
two inch baffle to appear more effective than the larger baffles. 
Also, from Figures 47 and 48, it is noted that the concave up baf-
fles are less effective at the beginning of the tests. Further, from the 
figures, it is seen that three 6 inch baffles concave up at 45° to the 
vertical walls are about as effective as one 6 inch baffle. It is also 
seen from Figure 46, by a comparison of Test TB-42 and TB-48, that some 
degree of repeatability is obtained. Although the values are not identi-
cal for all values of time, they do follow a general pattern and are rela-
tively close. A greater effectiveness is obtained with four 6 inch baf-
fles concave down at 45° than for the concave up baffles. The reason for 
this result is understandable when one notes that the concave up baffles 
tend to assist the boundary layer flow instead of mixing it as do the 
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concave downward and horizontal baffles. It is seen from Figures 46, 47, 
and 48 that the concave down baffles have approximately the same effec-
tiveness as an equal number at 90° to the wall for extended values of 
time. In Figure 48 the four 6 inch baffles concave down initially have a 
high effectiveness which drops off considerably with increasing time. 
This verifies the earlier observation that the concave down baffles re-
semble the horizontal baffles in diverting the boundary layer flow. 
By comparing Figure 46 with Figures 47 and 48, it is seen that 
increasing the heat flux ratio generally reduces the baffles' effective-
ness. Except for outstanding cases, the effectiveness of baffles for 
q. /q > 1 is below the lower heat flux values for all values of time. 
b s 
The reason for this appears to be that the addition of bottom heat, when 
baffles are present, reduces the mixing which is obtained when no heat is 
applied. This fact was previously observed in the photographic analysis 
of flow around the baffles. When bottom heat was applied, it was noted 
that the flow around the baffles was considerably reduced and, in some 
cases, the flow reattached to the back side of the baffles. The addition 
of a small amount of bottom heat for the three 6 inch baffle design in-
creased the effectiveness, while for the tihree 4 inch baffles, there was 
little change. 
Baffle Effectiveness, L/W = 3.0 
Figures 49 through 52 illustrate baffle effectiveness for the 
medium aspect ratio. The heat flux ratio for this series of tests ranged 
between 0.0 and 2.42. For a heat flux ratio of 0.0, the most effective 
baffle design is three 6 inch baffles on each wall, as illustrated in Fig-
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Figure 50. Effectiveness versus Time for Various Baffle Designs 
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Figure 51. Effectiveness versus Time for Various Baffle Designs 
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Figure 52. Effectiveness versus Time for Various Baffle Designs 
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difference between the effectiveness of one 6 inch or three 4 inch baffles. 
The least effective design for this aspect and heat flux ratio is the two 
4 inch baffles. Again, the probable reason for this is that the two 4 
inch baffles are not quite large enough in size to induce mixing into the 
center of the tank as do the larger baffles. 
For an aspect ratio of 3.0, the addition of bottom heat of about 
one-half the magnitude of the side heat: flux, generally produced little 
effect. The results can be seen by comparing Figures 49 and 50. The ef-
fect in general was to reduce slightly the effectiveness of all baffles 
tested. However, increasing the heat flux ratio close to 1.0 results in 
effectiveness values which are approximately the same as those for a ratio 
of zero. With further increase in the heat flux ratio, the effectiveness 
continues to decrease. This result can be seen in Figure 52. In two of 
the tests, at the large heat flux ratio, the effectiveness almost remained 
constant. 
By comparing Figures 49, 50, 51, and 52, the most effective baffle 
design tested was the three 6 inch baffles at 90° to the heat walls. As 
for the aspect ratio of 4.88, the most effective heat flux appears to be 
zero. During the series of tests at this aspect ratio, no tests on the 
effect of baffle angle were performed. This variable was dropped because 
of the extreme complexity it added to the data analysis. It was felt that 
the qualitative analysis of the angle effect at the high aspect ratio 
would be sufficient for its description. 
Baffle Effectiveness, L/W = 1.0 
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aspect ratio tests. During this series of tests, the heat flux ratio was 
varied from 0.0 to 0.93. From Figure 52 for a heat flux ratio of zero, 
it is seen that the most effective baffle designs tested were the three 
4 inch baffles on each wall with three 6 inch baffles following closely. 
The results of the higher aspect ratio tests indicated that the larger 
baffles were generally more effective. However, for low values of L/W, 
the flow around the larger baffles is slower, thus, there is less mixing 
and the effectiveness is reduced. Again, it is seen from the figure that 
baffles concave up or down are generally less effective than those hori-
zontal to the walls. However, in the low aspect ratio tests, for the heat 
flux ratios tested, the baffles concave up were more effective than those 
concave down. It should also be noted that, for the low aspect ratio 
tests, the initial values of effectiveness are generally higher than for 
the large aspect ratio tests. 
In Figure 54 for the higher heat flux ratios, the four inch baffles 
proved to be more effective than the large eight inch baffles. Also, in-
creasing the number of larger baffles increases the effectiveness as seen 
by comparing tests TB-92 and TB-98. Initially, the single baffle appears 
to be more effective, however, after the first five minutes, the effective-
ness of three baffles is larger. This result was true for both the four 
inch and eight inch baffles. Further, in the low aspect ratio tests, the 
effectiveness values are generally higher when bottom heat is added. This 
is contrary to the results obtained in the high aspect ratio tests. The 
reason for this appears to be a result of the increased mixing that takes 
place when bottom heat is applied. In the low aspect ratio tests, baffles 
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are located much closer to the bottom of the vessel. It is the close 
proximity of the first baffles on the vertical walls with the vessel 
bottom which assists in increasing the mixing in this region while at the 
same time diverting the boundary layer flow from the fluid surface. 
Correlation of Effectiveness 
For the results of this work to be a value for design purposes, 
it was felt that an equation which correlates the data should be presented. 
During the testing, trends were observed and noted as to the effect of each 
variable on the bulk temperature profiles. Four prominent variables ex-
cluding time, were considered. These are: (1) heat flux ratio, qK/q ; 
D o 
T> 
(2) aspect ratio, L/W; (3) baffle to tank with ratio, —; and (4) the 
number of baffles on one side, N. Each of these variables is related to 
the container geometry. For example, to obtain maximum flow up the walls 
of the container, the heat flux ratio for t":ie three aspect ratios was not 
exactly the same. It was felt before testing that, for the baffles to be 
effective, maximum boundary layer flow up the container walls was a ne-
cessity. Testing at low values of side heat flux proved this statement 
to be correct. At low side heat fluxes, the flow around the baffles was 
slow and bulk mixing did not result. 
Since the phenomenon under investigation is transient in nature, 
the time, T, is also an important variable that must be considered. An 
analysis of the effectiveness versus time curves in the first portion of 
this chapter illustrates the effect time has on baffle effectiveness. 
In developing correlation equations, one of the. basic rules, ac-
cording to Mackey (32), is to observe the characteristic shape of the 
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graphs and find some mathematical relation with constants which fits the 
general trend of the graphs. For example, the data in Figures 46 through 
54 slope to the right in similar fashion to the curve 
y ••= e ~ X ( 4 . 5 ) 
Using the assumption that the data fit such a curve as Eq. (4.5), 
the data in Figures 46 through 54 were plotted on semi-log coordinates 
as illustrated in Figure 55 except that: effectiveness, E, versus time, T , 
was first plotted. Most of the data fell on straight lines with slopes 
varying between -0.07 and -0.20, with an average slope of -0.14. The 
y or E intercept varied depending or the aspect ratio, baffle tank width 
ratio, heat flux ratio, and number of baffles. Most of the curves were 
parallel as indicated in Figure 55. Thus, it was assumed that the other 
variable mentioned above had the effect of shifting the curves up or down 
and thus entered into a general correlation equation as product terms. 
That is, the correlation equation took the ::orm 
E = A e-by(i)
m(|)n N°(l+qb/qs)P (4.6) 
To refine the above equation, a second attempt at plotting the data 
X. 
with effectiveness, E, versus the product, T/(L/W) 2, was performed. Again, 
straight lines resulted but with a little less scatter than was previously 
observed. This is the actual results indicated in Figure 55 for several 
tests. The slopes of these curves vary for the different tests, so a 
value of the slope was used which best fit the majority of the data. With 
the above modification incorporated into Eq. (4.6), the form of the corre-
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lation equation is 
-bT/(L/W)
2" ,Bxn Mo,.. / ,P ( . _. 
E cc e (-) N (L+qb/qs) (4.7) 
The reason for the term (1+q, /q ) is so that for q, /q = 0, E does not 
b s b s 
equal zero. 
To find the constant coefficient: c and the exponents n, o, and p, 
an Algol computer program using Eq. (4.7) was written and run on the 
Burroughs B-5500 computer. See Appendix E for a listing of the program. 
This program was designed so that several values of b, n, o, and p were 
chosen and the right hand side of Eq. (4.7) was calculated for six values 
of time from five to 30 minutes. Values of n, o, and p varied from one-
eighth to one-half, while b varied between 0.03 and 0.06. In essence, 
the approach is one of trial and error, with values of the coefficient 
and exponents chosen which appeared to bracket the data. With the aid of 
the program, it was found that the equation that best fits the data for 
all values of the variables is 
£ ^ e-0.055 T/(L/W)2 (|)2 N^(l+qb/qs)S (4.8) 
The results of Eq. (4.8) are shown for an aspect ratio of 4.88 in Figure 
56. The results for L/W = 1.0 and 3.0 are quite similar to this figure. 
To make Eq. (4.8) an identical expression, a proportionality factor, A, 
must be found. This factor is equal to the slope of the line which best 
fits the data. A best fit line through each set of data reveals that a 
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The best curve through all the data is not a straight line but a 
curved line concaved downward. The data were replotted on semi-log co-
ordinates as illustrated in Figures 57, 58, and 59. Here it is seen that 
the data lie approximately on a single straight line with a slope of 1.10. 
Thus, the correlation equation which best fits all the data, excluding 
angle effects, is represented by the equation 
L„ E = 1.10 e-0-055 T/CL/W)* B fc „* , * 
W b s 
From this expression, one can see that the heat flux ratio and number of 
baffles do not influence the effectiveness of baffles to the extent that 
aspect ratio and baffle size do. Some of the data in Figure 59 are from 
the investigation by Neff (6). As seen from the figure, the results are 
in fair agreement with this investigation. Also shown in the figures are 
the error limits of ± 20 percent. Most of the data of this investigation 
fall within these limits which for most design purposes is tolerable. 
The scatter of the data in Figure 59 for some tests is a result of 
the increase in baffle effectiveness experienced for later values of time 
as illustrated in Figure 54. This increase is evidently related in a more 
complex form, to either the heat flux ratio or time, than what has been 
presented above. 
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HEAT TRANSFER CORRELATION 
In many of the tests, wall temperatures were taken along with bulk 
temperature measurements. Representative wall temperature distributions 
for the case of no baffles on the vertical walls can be seen in Figures 
60, 61, and 62. From these figures, it can be seen that the wall tem-
perature first decreases then increases for increasing values of x/L, 
except for the first five minutes. As previously mentioned, the system 
took approximately five minutes to become quasi-steady. After the initia-
tion of heat at the sides, the wall temperature increases with time. The 
greatest increase being near the tank top because it is in this region 
that the greatest increase in bulk temperature is experienced. A compari-
son of the three figures reveals that the wall temperature profiles for 
the low and high aspect ratios are considerably different. In the low 
aspect ratio tests, after the first five minutes, the wall temperature 
is almost a linear function of x/L. But, with increasing time, wall tem-
peratures in the upper and extreme lower portion of the tank increase at 
a greater rate than does the temperature in the middle. The reason for 
the large increase near the bottom is because of the low velocity and re-
duced mixing in this area. Also, it can be seen from a comparison of 
Figures 60, 61, and 62 that, in the large aspect ratio tests, the wall 
temperature in the top 60 percent of the container increases at a greater 
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higher rate of increase is because the bulk fluid is increasing in tem-
perature at a greater rate in the higher aspect ratio tests. 
For length to width radios of 4.88 and 3.0, the difference between 
the local wall and average bulk temperature at a given height, (T -T ) , 
w b x 
follows closely the one-fifth power law which is associated with laminar 
flow over a wall heated with a constant heat flux in the laminar flow 
area. An illustration of the temperature difference for two values of 
time is shown in Figure 63. The temperature difference for other values 
of time falls within these two limits. The one-fifth power law, derived 
by Sparrow and Gregg (33) is for a uniformly heated plate in an infinite 
fluid, thus, it should not be expected to describe exactly the results 
for a confined and finite fluid which is being heated only. 
It appears that, for the L/W = 4.88 tests, transition occurs some-
where between x/L of 0.20 and 0.35. For the L/W =3.0 tests, at high 
values of side heating only, the transition to turbulent flow occurs be-
tween x/L =0.28 and 0.41. The transition region is indicated in Figure 
63 by the dotted portion of the curve. For the low aspect ratio tests, 
transition to turbulent flow never occurred, even for higher values of the 
side heat flux tested. However, it was observed that, in a few tests, 
the flow along the walls near the top of the fluid had a tendency to become 
turbulent. A representative wall-average bulk temperature difference curve 
for L/W = 1.0, for two values of time, is shown in Figure 64. The decrease 
in temperature difference after the first 300 seconds as observed in Fig-
ures 63 and 64 is because the flow within the container during this time 
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Kolar (20) observed that it took at least 180 seconds for his small con-
tainer to reach a quasi-steady state. From an analysis of the wall and 
bulk temperature data, for high values of the side heat flux, it appears 
that 300 to 400 seconds are needed for the system to reach quasi-steady 
state for all values of the aspect ratio. 
In both Figures 63 and 64, it is seen that the temperature differ-
ence decreases for increasing values of time over the first half of the 
curve. After transition, the difference between the two curves then in-
creases. The decrease, which is associated with the lower portion of the 
container, is a result of a more uniform and rapid bulk flow process beinj 
set up in the lower portion of the vessel. The increase in flow velocity 
tends to cool the wall and reduce the temperature. The increase in the 
top portion, as explained earlier, is a result of the increase in bulk 
temperature in this region, see for example, Figures 9 and 29. In the 
upper region the turbulent flow cannot exchange the heat with the bulk 
fluid at the rate it could if the fluid were infinite in extent with a 
uniform bulk temperature. 
For a uniformly heated plate, in an infinite medium over which the 
flow is turbulent, an equation describing the wall temperature distribu-
tion with length is derived in Appendix A. The equation is 
(T - T ) , c-f 
W °° X / X N (5.1) 
(T - T )- \L 
w o° L 
and, except for a difference in the exponent, it is exactly the equation 
derived by Sparrow and Gregg for the case of laminar flow. In the L/W = 
4.88 and 3.0 tests, the last part of the wall-average bulk temperature 
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difference curves do not follow the negative one-seventh power law for a 
uniformly heated wall experiencing turbulent flow. However, some affirma-
tion of this equation is obtained from Figure 2 of the paper by Siegel 
and Norris (34). In the investigation, Siegel measured the wall tempera-
tures on a 70 inch high uniformly heated plate. The laminar part of the 
temperature difference curve followed closely the one-fifth power law. 
Transition occurred around 12 inches. In the turbulent portion of the 
curve, the experimental data closely fit a slope of minus one-seventh. 
To the author's knowledge, there .are no other published data in the open 
literature for turbulent flow over a flat uniformly heated plate in an 
infinite fluid with which to compare the above equation. 
From the measurement of wall and bulk temperature, knowing the 
amount of heat generated within the walls, the local heat transfer coef-
ficient can be obtained from the steady-state equation 
hx = !/^ Tw - W « " t / kw ] ( 5- 2 ) 
The second term in the denominator is negligibly small, since the term 
containing the wall thickness, t, which Is equal to 0.00208 foot, is 
small. 
Transient heat transfer coefficients, for small values of the Biot 
number, Bi, can be calculated from the equation recommended by Jakob (17), 
T(x,y) - X^ = \ ^ (1 - e~F°'Bi) (5.3) 
However, the Fourier number, Fo, for the time intervals of interest in 
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this investigation, is exceptionally large. Hence, the exponential term 
is negligible and Eq. (5.3) reduces to the well known Newton's law. In 
the above expression, T is assumed constant. Kudryavtsev (35) derived 
an expression similar to Eq. (5.3) with the temperature at infinity, a 
linear function of time according to the equation 
T (T) = T (T=0) + r.T (5.4) 
CO 00 
With this expression for the temperature at infinity, the expression for 
the temperature difference for any time at a given position is, 
V T > - T > = ° > = (& - ̂ X 1 - e"B i - F o) <5-s> 
To solve for h from either Eq. (5.3) or Eq. (5.5), one must use either 
a trial and error or iteration technique. However, since the Fourier 
number is large, 
Fo = Sf » 100 
t 2 
Eq. (5.5) reduces to 
T„(T) - VT-Q) = ( i - ^ r ) <5-6> 
Again, comparing the sizes of the two terms on the right, the second term 
is small unless r, the bulk temperature slope coefficient, is large. In 
all tests, the temperature slope was less than 0.1, making the second term 
small. Thus, Eq. (5.6) also reduces to Newton's law. 
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In Eq. (5.3) or Eq. (5.6), if the temperature at infinity is as-
sumed to be the average bulk temperature for a given time interval accord-
ing to the equation 
V = i\Lo T B , *
 dx (5-7) 
then both equations reduct to the equation 
<TW - V x 
h x = Ta
 ( 5 - 8 ) 
Using this equation, the local values of the Nusselt number shown in 
Figures 65 and 66 were calculated for several intervals of time. The 
physical properties in the modified Grashof number were calculated at the 
wall temperature from the relations presented in Appendix F at an average 
temperature for the tests. The wall temperature was used, since, in prac-
tical situations, this temperature is generally known. An Algol computer 
program to calculate local heat transfer coefficients from the three pre-
vious equations was written. This program consists of quadratic inter-
polation equations to calculate the bulk and wall temperatures for specific 
values of time. Also included is a linear interpolation of the bulk 
temperature, at a given time, with position. This step is necessary so 
that bulk temperatures at corresponding liquid levels could be used in 
calculating the film coefficient. 
It can be seen from Figure 65 that, for the low aspect ratio tests, 
the local Nusselt number closely follows the theoretical curve 
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2 r Pr2 ~i3 * — 
Nu = - x ~ ^ ~ ~ G r 5 ( 5 ' 9 ) 
X (360)5 L 0.8+Pr J X 
which is obtained from the work of Sparrow and Gregg (33) for a Prandtl 
number of five. This result should be expected, since the temperature 
distribution follows closely the theoretical curve. Most of the data for 
the laminar portion of the curve are within ± 20 percent of the theoreti-
cal value. Transition to turbulent flow occurs between Pr«Gr equals 
x 
1011 to 1012 for a uniformly heated wall. Hartnett and Welch (19) list 
a value of 2.6 x 10 for the critical value of Pr«Gr . This corresponds 
x 
to a critical value of 2 x 109 for the constant temperature wall case. 
The results for turbulent flow over the vertical walls of the con-
tainer are not as close to the theoretical equation as were the laminar 
results. The theoretical expression for the local Nusselt number, for 
the case of turbulent flow over a uniformly heated plate, can be obtained 
by using the integral techniques of von Karman for the boundary layer 
flow. Eckert and Jackson (10) employed this technique for the case of a 
constant temperature wall. Following Eckert and Jackson, Tatom (5) inte-
grated the momentum and energy integrals with the following boundary layer 
velocity and temperature profiles 




In using these profiles, the Prandtl number has been assumed to be equal 
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to one. However, the results can be applied with reasonable accuracy to 
fluids with Prandtl numbers close to one. From Appendix A, the local 
Nusselt number for turbulent flow over a uniformly heated wall is 
Nu = 
* 
_ f (0.0225)*! „ % f r
 G r
x 
1.572. •£- + pr^ x - L-W Ĵ •^t^Ttrr^] (5-12) 
'2 
where Ĵ  and Js are functions of the exponent, p, in Eq. (5.10). For a 
Prandtl number of five and p = 2 anc 6, Eq. (5.12) becomes 




Nu = 0.0665 (Gr*-Pr)~7 ; p = 6 (5.14) 
X X 
Equations (5.13) and (5.14) are illustrated in Figure 66 along with the 
experimental data of several tests for various values of time. From the 
figure, it appears that a value of p = 6 is the best exponent for the 
velocity profile. This value of p indicates that the boundary layer is 
thicker for the flow in a container than for an infinite flat plate. 
From Eq. (A-8), of Appendix A, the local value of the heat trans-
fer coefficient may be written as 
h x = C H - # (5.15) 
Integrating this expression, the average coefficient becomes 
\ = l°HLi = K ( 5 - i 6 > 
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In integrating Eq. (5.15) it was assumed that the boundary layer was 
turbulent over the whole plate length. In reality, this is not true, 
for a laminar region usually proceeds the turbulent region. However, 
if the plate is extremely long, or the heat flux is extremely high, such 
that the modified Grashof number is large, then Eq. (5.16) is a good 
approximation to the true value of h . The limit for the modified Gras-
J_j 
hof number appears to be near Gr = 2 x 101S. For modified Grashof 
numbers higher than this value, the average Nusselt number then becomes 
* — 
= hL = I f
 GrL I r<o.0225)*1 jr 
8 L 64- Ja J ̂
r L r > k 64 J. , 5 7 2 ^ + P r 3 -
J 2 
(5.17) 
For a Prandtl number of five, and with the exponent, p, in the velocity 
profile equal to six, this equation reduces to, 
* -& 
NuL = 0.0583 (GrLPr)
7 (5.18) 
Eigure 67 illustrates a comparison of the results from the above 
equation with the averaged Nusselt number calculated for several tests. 
Not only were the Nusselt number values averaged with respect to distance 
along the tank walls in Figure 67, but: they were also averaged with re-
spect to time according to the equation 
1 CI* 
hT = — I hT -dT (5.19) 
L T 0 o 0 L 
where T 0 is the total length of time over which the tests were conducted. 
From the figure it is seen that the average values of the Nusselt numbers 
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The modification of Jakob's equation by McAdams, as presented in 
Chapter I, predicts values which are higher than were obtained experi-
mentally while Eq. (5.17) predicts values which are lower. Two possible 
ways of correcting this difference would be to select another temperature 
difference to calculate the Nusselt number or apply a correction to Eq. 
(5.17) for the Prandtl numbers different from one. 
Siegel and Norris (34) conducted steady-state tests on air and 
found that the local film coefficients were lower than predicted by an 
empirical equation developed by Jakob (17). However, in these tests, 
the heated boundary layer fluid was allowed to exit from the top of the 
rectangular container and cool air entered at the top through the middle. 
Although the tests were quite similar to those performed by Martin (16) 
and Hartnett and Welsh (18), they used the ambient temperature of the 
room instead of the local or average bulk temperature in calculating 
values of h. The difference between the wall and room temperature was 
always greater than the local temperature difference. Hence, for a 
given heat flux, the film coefficient was lower. In this investigation, 
if the initial or ambient temperature had been used in calculating the 
wall to bulk fluid temperature difference, then the local and average 
Nusselt number values would be less than shown in the preceding figures. 
Wall temperature and heat transfer data with baffles on the walls 
are not presented. With baffles placed along the walls, the local wall 
temperature in many tests was quite erratic in nature depending on the 
nearest baffle. Also, the wall temperature along the whole length varied 
considerably depending again on baffle location and the number of baffles. 
For a few baffle tests, film coefficients were close to the case of no 
baffles. One might suspect that this should be true, since a compari-
son of the total energy transferred to the bulk fluid revealed that the 
same amount of energy is transferred with or without baffles. 
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CHAPTER VI 
RESULTS AND CONCLUSIONS 
Experimental studies on the effectiveness of baffles in reducinj 
thermal stratification were conducted over a range of modified Grashof 
numbers to include both the laminar and turbulent flow regimes. The 
important results of this investigation are summarized as follows: 
1. The effectiveness of most baffle designs tested de-
creases as time increases, approaching asymptotic 
values. 
2. The degree of stratification depends on the heat 
flux ratio, decreasing as this ratio increases to 
values near one. For much larger values of q,/q , 
a thermal inversion situation is created and 
the effectiveness of baffles is decreased. 
3. Higher effectiveness values were obtained in this 
investigation than previously reported. This is 
due to the increased bulk mixing produced by the 
baffles. Instead of the wall-heated fluid reattach-
ing to the back side of the baffles with increasing 
time, as previously reported, the flow generally 
separated from the baffles. 
4. For a given baffle size, there is an optimum number 
of baffles. The number of baffles needed depends 
not only on the aspect ratio but on the baffle to 
tank width ratio and heat flux ratio. If the dis-
tance between successive baffles is considerably 
reduced, separation of the boundary layer flow will 
not occur and the effectiveness is decreased. For 
a given number of baffles, there is an optimum size 
for each aspect ratio. The optimum size appears to 
decrease with decreasing aspect ratio. 
5. Horizontal baffles were found to be generally more 
effective than baffles inclined up or down. In-
clined up baffles tended to promote reattachment of 
the boundary layer flow. 
6. A correlation equation to determine baffle effec-
tiveness was derived. The equation predicts baffle 
effectiveness within ± 20 percent. 
7. The system investigated can be assumed to be in a 
quasi-steady state after the first five minutes of 
heating. The approach to quasi-steady state is a 
function of the heat flux magnitude and container 
size. 
8. Heat transfer measurements on the vertical walls of 
the container indicate local Nusselt numbers in the 
turbulent regime which are slightly higher than pre-
dicted by theory for a vertical surface in an infinite 
medium. 
9. Correlation between equations to predict film coeffi-
cients on vertical surfaces for the cases of uniform 
temperature and heat flux are presented. 
10. The temperature distribution along a vertical surface 
undergoing turbulent free convection was shown to fit 
an equation similar to that of laminar flow but with 




The test apparatus used in tnis investigation could be modified 
in several ways to extend the study of transient free convection. 
First, an investigation into the effect of different bottom shapes on 
the convection process within the tank and their role as possible 
stratification reduction techniques should be undertaken. Second, a 
further and more comprehensive investigation of the turbulent boundary 
layer within the container would be desirable. Such an investigation 
would undertake the measurements of boundary layer temperature and 
velocity profiles as a function of container height and time. With 
such measurements, one could describe more accurately the time varia-
tion of the local film coefficients. Also, the boundary layer velocity 
and temperature profiles could be better defined instead of guessing, 
which is being done at present. 
Another possible area of investigation, if instrumentation were 
available, is the initial starting transient of the flow up the walls 
of the container. Such an investigation would necessitate the use of 
a high speed multi-channel recorder. Incremented levels in the tank 
would need to be measured for bulk, wall, and boundary layer temperature. 
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APPENDIX A 
HEAT TRANSFER CORRELATIONS 
In correlating free convection heat transfer data, the results 
are usually presented in a non-dimensional Nusselt, Prandtl, and Gras-
hof number equation. Ostrach (36) developed an analytical expression 
for the Nusselt number as a function of the Prandtl and Grashof number 
for the case of laminar flow over a constant temperature wall. Later, 
Sparrow and Gregg (33) derived an expression for the Nusselt number for 
laminar flow over a uniformly heated wall. Comparison of the two results 
by Sparrow and Gregg (33) revealed that the boundary condition on the 
wall made very little difference in the values of the Nusselt number. 
For Prandtl numbers between 0.1 and 100, the results for a constant 
temperature wall were found to be within eight percent of the results 
for a uniformly heated wall for which the wall to fluid temperature 
difference was assumed to be an integrated average. With the uniformly 
heated wall temperature based on the temperature at the midpoint of the 
wall, even closer agreement with the constant temperature case was ob-
tained. The above results can be seen from Tables 1 and 2 of reference 
(33). 
Siegel (34) has reportedly shown similar agreement for the case of 
laminar and turbulent flow. However, the results of his work, to the 
author's knowledge, have not been published in the open literature. From 
reference (34), the agreement between constant heat flux and constant wall 
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temperature for the case of turbulent flow appears to be based on the 
empirical formula developed by Jakob (17). During this investigation 
it was found that such agreement could be shown analytically by using 
the results of Eckert and Jackson (10) and Tatom (5). 
Using von Karman's integrated momentum equation and the energy 
integral equation for the boundary layer on a vertical flat wall with 








Eckert and Jackson (10) derived the following expression for the local 
Nusselt number 
_§_ _ iL JL JL 
Nu = 0.0295 [ l + 0.494 P r 3 ] " 5 Pr 1 5 Gr 5 x x (A-3) 
In using the above profiles, it was assumed that the Prandtl number was 
equal to one. 
Tatom (5) employed the same integral technique for the case of a 
constant heat flux wall, but with the velocity profile in the more general 
form 
U \bJ L 6. 
(A-4) 
Substituting Eqs, (A-2) and (A-4) in the integral forms of the momentum 
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and energy equation and using Reynolds analogy with the forced convec-
tion relations employed by (10), Tatom obtained the following equation 
for the wall temperature distribution 
_ r 64;Ja 





1 .572 . i L + P r 3 
J 2 
(A-5) 





J l r(l+9/7+2p) 
r(8/7?-r<i+p) . r<9/7?r( i+p) 
r (i+8/7+p) r(i+9/7+p) 
(A-6) 
(A-7) 
The local Nusselt number then becomes 
r(o.Q225)47 ,, i r G r x 
N u = Z7 T ,Pr 




Comparison of this equation with Eq. (A-3) shows that they are quite simi 
lar since, for a given value of p, J3 and J2 become constants. Also, 
recognizing the fact that 
Gr = Gr -Nu x x x (A-9) 
then the Grashof number in Eq. (A-3) can be transformed into the modified 
Grashof number of equal power in Eq. (A-8). 
A value for the average heat transfer coefficient can be obtained 
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from Eq. (A-8) by introducing the expressions for the local Nusselt and 
modified Grashof numbers. Also, with the assumption that the boundary 
layer is turbulent from the leading edge, the average heat transfer co-
efficient becomes, 
h = 7 f h dx - -~ I x7 dx = | h (A-10) 
L L j 0 x L J0 8 x 
Usually a laminar region precedes the turbulent region, thus the preced-
ing expression for the turbulent heat transfer coefficient can be expected 
to represent the actual value only for modified Grashof numbers so large 
that the laminar portion of the boundary layer may be neglected compared 
with the turbulent portion. Eckert and Jackson (10) noted that, for the 
constant temperature wall case, this limit for the Grashof number appeared 
to be near 1010. This corresponds to a value near 1012 for the constant 
heat flux case. For modified Grashof numbers higher than this value, 
the average Nusselt number can be calculated from Eq. (A-10) 
NUL=i P ^ P 1 ! ** r— G 4—*f <A-II> 
L 8 L 64-Js J L 1 - 5 7 2 J1_+ pr-fJ 
for a Prandt l number of one and p = 4 in Eq. ( 4 ) , t h i s equat ion reduces to, 
Nuj = 0 .064. (Gr^Pr) 7 (A-12) 
For p = 2 and 6 with Pr = 1.0, the coefficient on the right hand side of 
Eq. (A-12) becomes 0.058 and 0.068, respectively. 
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Sparrow and Gregg (33) in their investigation found that the wall 
temperature distribution for laminar flow followed a one-fifth power law 
according to the equation 
(T - T ) . .i 
v » x fx\ (A_13) 
(T - T )_ \L 
w « L 
A similar equation for turbulent flow over a uniformly heated plate can 
be obtained from Eq. (A-5). For a given heat flux and fluid, this equa-
tion can be written as 
9 = (T - T ) - C, .x 7 (A-14) 
w v w ® x L 
the value of G at x = L is w 
, L = <
T„ - V r 0 ! - 1 ' <A-15> 
where T is the ambient fluid temperature. Dividing Eq. (A-15) into (A-
14) gives 
(T - T ) ~i 
W oo X /X N 
( ! ) <A-1 6) (T - T ). \L
w o L 
Again, it has been assumed that the boundary layer is turbulent over the 
whole plate. As noted in Chapter V, only a limited amount of data exists 
with which to compare this equation. Figure 68 illustrates the variation 
of wall temperature difference with distance along the plate as calculated 
from Eq. (A-16). Also shown are the. experimental points calculated from 
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the work by Siegel. From Eq. (A-16) it is noted that a discontinuity 
exists at x = 0. However, a laminar region usually precedes the turbu-
lent region, thus, the discontinuity can be avoided. 
Average Nusselt Numbers 
For a uniformly heated wall, there is no one characteristic tem-
perature difference with which to compute an average heat transfer co-
efficient and hence and average Nusselt number. The choice is arbitrary. 
However, Sparrow and Gregg (33) noted that, for laminar flow, usually the 
average wall temperature difference or the temperature difference half 
way along the plate was used in calculating the average value of Nu. 
To compare the average Nusselt number for the constant temperature wall 
with that for a constant heat flux, the above two methods were used. 
The average temperature difference on a surface, over which the 
flow is completely turbulent, may be calculated from Eq. (A-16). 
(T - T ) - (T - T )_ (f) d f f ) 4 ( T " T ) T (A-17) w o°/av v w <» /LJ c\L/ \Ly 6 v w °oyL V ' 
Using this temperature difference an average heat transfer coefficient 
can be calculated from the equation 
q = h (T - T ) (A-18) 
av w coyav x 
From Eq. (A-5) the value of (T - T )-
<Tw - TJi/Gr a -* 
- — ^ ».£ ,Pr (A-19) 
k 
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GrL C 1 
— ± j == g- -Pr5 (A-20) 
NUL*6 * 
Gr = Gr -Nu 
Li i_i 1J 
7 
— 7 o 
= ('4 . ̂  .prIs. Gr T^ (A-21) L V7 C^1 r to L 
With p = 4, the terms C. and C3 become 
and 
c = [
 64'JS .f 12.02 
1 L(0.0225)4 
JL _.2_ JL _.§. 
C2 = [ 1 . 5 7 2 - 0 . 3 5 8 7 3 + P r
3 ] V" = [ 0 . 5 6 4 + P r 3 ]~ 7 
and Eq. (A-21) reduces to 
2 Z 
Nu = 0.0248-[0.564 + Pr3] 5-Pr16-Gr 5 (A-22) 
LJ J-i 
The average Nusselt numbers as calculated from the constant temperature 
wall equation by Eckert and Jackson are compared with Eq. (22) in Table 
2 for various Prandtl numbers. It is seen from this table that, for 
Prandtl numbers close to one, NuT/(Pr-Gr )
B evaluated at the average value 
of (T - T ) for a plate having a uniform surface heat flux differs less 
w a? av 
than three percent from the value for a plate having a constant wall tern-
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perature. For Prandtl numbers not close to one, the error between the 
two equations becomes greater, for example, for Pr = 5, the error is 
14 percent. However, this deviation is often within the limits of ex-
perimental accuracy. 
Table 2. Nusselt Number Comparison Based on Average 
Temperature Difference at L/2 
P r N u L / ( P r - G r L )
2 / 5 , EQ. (A-22) 
f 4 p = 6 Ref . (11) 
0.72 0.0185 0.0214 0.0234 0.0210 
1.0 0.0180 0.0207 0.0226 0.0211 
5.0 0.0148 0.0167 0.0181 0.0194 
A similar analysis, but employing the temperature difference at 
x = L/2, can be calculated by using the equation 
(T - T ) , - (T - T )•(!) 7 (A-23) 
w co7 L/2 w °° * 
Again, an average heat-transfer coefficient can be defined using this 
temperature difference 
q - h (T - T )_ ,. 
av w <=c/L/2 
Following the previous procedure, it is found that 
_?_ _J2_ 7_ 2_ 
Nu = 0 .0269 [ 0 . 5 6 4 + P r 3 ] 5 - P r 1 5 . G r 5 (A-24) 
I r)H 
Equation (A-24) is compared with the results for the constant temperature 
wall in Table 3. 
Table 3. Nusselt Number Comparison Based on Average 
Temperature Difference at L/2 
Pr NuL/(Pr-GrL)
2/5, EQ. (A-24) 
p = 2 p, = 4 p = 6 Ref. (11) 
0.72 0.0200 0.0230 0.0253 0.0210 
1.0 0.0195 0.0224 0.0244 0.0211 
5.0 0.0160 0.0181 0.0196 0.0194 
From Table 3 it is seen that, for Prandtl numbers close to one, a larger 
error exists between the two values of Nu /(Pr-Gr ) 5 if the temperature 
Ll LI 
difference in defining an average film coefficient is based on L/2 instead 
of the average temperature difference. However, the maximum error is less 
than eight percent even for a Prandtl number of five. So, the agreement 
between the experimental results for turbulent flow over a uniform wall 




The probe used in measuring the bulk temperatures within the test 
tank was constructed and calibrated by Tatom (5). However, his calibra-
tion was performed when the thermocouples were not within the system. 
Tatom's method of taking experimental data was the same as his calibra-
tion procedure. That is, the probe thermocouples were calibrated with 
a Leeds and Northrup potentiometer while his data were also taken with 
a potentiometer. However, Tatom's method was not used in this investi-
gation. Instead, a Honeywell Electronic. 16 Multipoint recorder was used 
in recording all bulk temperature data. The recorder had a factory accu-
o o 
racy of ± 0.25 percent within the range of 50 F to 150 F. To obtain good 
accuracy, in the temperature reading in this investigation, both the re-
corder and the thermocouples were calibrated. In calibrating the two 
separately, the errors should be additive. However, errors in the read-
ing may occur by using different extension wires or in the hookup of the 
thermocouples to the recorder. For this investigation only the thermo-
couples used with the recorder were calibrated. 
There are two methods of calibrating thermocouples: (1) outside 
the system, such as Tatom employed, and (2) within the system. Each 
method requires a calibrated reference standard with which the readings 
are to be compared. The reference standard used in calibrating the bulk 
and wall thermocouples was a 24 B & S gage copper-constantan thermocouple 
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calibrated at the two points, 50 F and 100 F, by the Industrial Division 
of Honeywell, Inc. The calibrated thermocouples had a certified error 
of -0.05°F and"+0.09°F at 100°F. In calibrating the thermocouples at 
points between the certified points on the reference thermocouple, the 
error was assumed to be a linear function between the two given points. 
The method employed in calibrating the bulk thermocouples and 
recorder together was as follows: 
1. The thermocouples within the level of the fluid to be 
tested were selected and attached to the recorder 
terminals. 
2. The tank was filled to the corresponding level with 
water. Also, the recorder was turned on and allowed 
to warm up for one-half hour. 
3. The circulation pump was turned on and the fluid was 
continually mixed to maintain a uniform temperature. 
Sometimes a paddle was also used in mixing the fluid. 
4. The calibrated thermocouple, which was connected to 
an ice bath and potentiometer, was placed in the tank 
and lowered to a position opposite and approximately 
one-quarter of an inch from the thermocouple to be 
calibrated. 
5. One of the outlets from the circulation pump was 
directed at the two thermocouple junctions and three 
readings were taken of both the reference standard 
and bulk thermocouples. The bulk temperature output 
was read from the recorder while the reference stand-
ard output was read on a Leeds and Northrup model 8686 
potentiometer. 
6. The three readings from both the bulk and reference 
thermocouples were average compared to get the error. 
Steps 4 and 5 were then repeated for each thermocouple. 
7. Heat was then applied to the fluid in the tank increas-
ing the bulk temperature. Steps 4, 5, and 6 were then 
repeated to get an error measurement at a second tem-
perature level. In most all cases the error was ap-
proximately constant. 
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It should be noted that, with the thermocouples exposed to periodic 
temperature variations within the system, the calibration changes (37). 
This effect was noted somewhat in the later tests. However, the change 
o 
was small, approximately ± 0.10 F, hence, it was considered negligible. 
With the above procedure, not only were the thermocouples calibrated 
but the temperature measuring system as a whole was calibrated. 
The method of reducing and displaying the temperature results can 
either magnify or reduce the size of the error as represented on a graph. 
For example, for a given thermocouple if the temperature-time curves are 
plotted as bulk temperature, T versus cine, T, then any error in the 
temperature measurement, even after correction, is portrayed on the graph. 
But, if the result is plotted as bulk temperature difference, (T-T.) 
1 -D 
for the same thermocouple, versus time, then the error portrayed on the 
graph is reduced, since for a given thermocouple, over a limited tempera-
ture range, the error is approximately constant (37); hence, the error 
is subtracted out. For this reason, the latter method was selected in 
displaying the data in this thesis. 
The wall thermocouples were not: as easy to calibrate as the bulk 
thermocouples since they had to be calibrated after welding them to the 
walls. The method in calibrating the wall thermocouples was as follows: 
1. The test tank was filled with water to the desired 
level. The circulation pump turned on and the water 
thoroughly mixed to ensure a uniform bulk temperature. 
2. Three readings of each wall thermocouple were taken 
and averaged. These were then compared to the bulk 
readings at the same location. 
3. The water was then heated by the side and bottom 
heaters until a higher desired temperature was reached. 
The power was then turned off. 
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4. The bulk fluid was again mixed to get a uniform bulk 
temperature and a second set of readings was taken. 
o 
Usually about 40 F temperature difference separated 
the two readings. 
5. Each set of averaged readings for each wall thermo-
couple was compared with the bulk readings for the 
two bulk temperature levels. This gave two extreme 
points on the error curve for the wall thermocouples. 
6. The error was considered to be linear between these 
points. In most all cases, as with the bulk thermo-
couples, the error was approximately constant. 
Using the above procedure, the wall thermocouples were calibrated 
o 
to within ± 0.25 F accuracy. Also, the same method was employed in dis-
playing the wall data as was used for the bulk data. Thus, any apparent 
error in wall temperature is reduced. Tables 4 and 5 illustrate the 
correction for the bulk and wall thermocouples. 
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Table 4. Bulk Thermocouple Corrections 
T )_ = C +T ) 
n true n n read 
Where T ) . = Temperature as indicated by the recorder for the sensor 
n read , . , J 
n being measured 
Thermocouple Calibration Thermocouple Calibration Thermocouple Calibration 
Number Correction Number Correction Number Correction 
n C , °F n C . °F n C , °F 
n n n 
1 -0.1 21 0.0 41 +0.1 
2 -0.1 22 -0.1 42 -0.1 
3 -0.15 23 +0.1 43 -0.1 
4 -0.08 24 -0.2 44 -0.2 
5 +0.1 25 -0.2 45 +0.08 
6 +0.2 26 -0.1 46 +0.2 
7 -0.1 27 +0.1 47 +0.3 
8 -0.08 28 +0.1 48 -0.1 
9 +0.2 29 0.0 49 0.0 
10 +0.1 30 0.0 50 0.0 
11 +0.2 31 -0.1 51 -0.3 
12 -0.1 32 -0.2 52 -0.2 
13 0.0 33 -0.08 53 -0.2 
14 +0.1 34 +0.1 53 +0.1 
15 +0.1 35 0.0 55 +0.1 
16 0.0 36 +0.1 56 +0.1 
17 -0.1 37 -0.2 57 -0.2 
18 0.0 38 -0.1 58 0.0 
19 0.0 39 +0.1 59 -0.1 
20 +0.08 40 -0.2 Surface +0.1 
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Table 5. Wall Thermocouple Corrections 
Thermocouple Calibration Thermocouple Calibration 
Number Correction Number Correction 














13 - 0 . 4 
14 + 0 . 2 
15 + 0 . 1 
16 0 . 0 
17 + 0 . 2 
18 - 0 . 1 
19 
Bottom 
- 0 . 1 
1 - 0 . 2 
2 - 0 . 1 
3 - 0 . 3 
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APPENDIX C 
HEAT BALANCE ON TANK 
In calculating the effectiveness of the baffles and the heat 
transfer coefficients, it is important to know and be able to check 
through calculations where the heat, which is generated in the heater 
plates, is going. That is, how much of the generated heat is going into 
the bulk fluid, how much is going to increase the internal energy of the 
heating walls, and how irmch is lost to the surroundings of the tank. 
In the analysis that follows, the test system consists of heater plates, 
the test fluid (water), and the additional parts of the tank, such as 
the glass plates and the insulation. Also, air is in contact with the 
fluid at the tank top. The equation describing the heat balance on the 
system is, 
QT.T = Q p + Q B + Q L (C-l) 
« 
In the above equation, Q is the heat generated in both the bottom and 
side heater plates, Btu/sec. Q is that portion of the heat which is 
generated which increases the internal energy of the heater plates, Btu. 
Q is that portion of the heat generated which goes to increasing the 
internal energy of the test fluid, Btu. QT is that portion which is 
Li 
lost from the system, Btu. The majority of the heat which is lost may 
be lost via the bulk fluid, since it is in contact with the glass plates 
and the air at the tank top. 
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The expression for the internal energy of the heating plates is, 
Q - p V C (f-T.) (C-2) 
P MP P P i P 
and for the test fluid, 
% = ?B VB S V-W (C"3) 
The heat lost from the tank occurs through the glass plates and at 
the liquid surface. In Chapter II, it was shown that: two opposite sides 
of the tank with glass plates are constructed so that two plates of glass 
are one-half inch apart. The heat lost through these plates and the en-
closed air space can be calculated from the equation 
q L = K V T L i (c"4) 
_L + «- + -& + — 
k hl k h2 
In this equation, an inside surface temperature for the glass plates, T1, 
which will be close to the average bulk temperature and the ambient tem-
perature, T , of the room must be known. An approximate value of the 
film coefficient, h^ , can be found from the work of Eckert and Carlson 
<$£))• As an example, in test TB-71, the ambient temperature T = 78 F, 
the time average bulk temperature was 81.3 F at 1800 seconds. Thus, from 
Eq. (C-4) the heat loss is 
qT = 0.0011 
L ft2sec 
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This amount of heat loss is small when compared to the total heat 
input. Thus, it was considered negligible. The amount of heat lost at 
the liquid-air surface is also negligibly small. This fact has been demon-
strated by Adams (39), since the velocity of the air flow over the surface 
is small and the difference between the liquid surface and the air tem-
o 
perature is small, being about 5-10 F. In this situation, the film coef-
ficient is also small. In no tests did the surface temperature come close 
to saturation, so heat loss by vaporization could be neglected. 
In some cases, if the bulk temperatures were exceptionally low, 
instead of a heat loss, there was a heat gain through the glass plates 
and air at the surface. However, this gain, like the heat loss, was 
negligibly small in all cases. Sample calculations showed it to be less 
than 2.5 Btu/ft2hr. 
Another and perhaps better method of calculating the heat lost 
during a test is to compare the integrated, average bulk temperature, T_,, 
r> 
with the bulk temperature computed from Eq. (C-3). The equation for the 
integrated bulk temperature is 
.L 
1 T =s" — , 
B L J 
Tdx (C-5) 
o 
where L is the tank height. Equations (C-3) and (C-4) were part of the 
computer program discussed in Appendix D. Average bulk temperatures for the 
specified time intervals was computed first: from Eq. (C-3). The part of 
the heat generated which increased the wall, temperature was neglected. 
Then by numerically integrating Eq. (C-5) using the trapezoidal rule and 
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the average bulk temperature. Upon comparison of many tests, it was 
found that the percent difference between the two values was no more 
than ± 1.50 percent. This difference is due in the most part to the 
energy absorbed or retained by the heating walls themselves. 
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APPENDIX D 
EXPERIMENTAL BULK AND WALL TEMPERATURE-TIME DATA 
The data presented in the following table is a test summary ob-
tained from the experimental data. A computer program written in Algol 
language and run on a Burroughs B-5500 computer was used in reducing the 
data to the form shown in the body of the thesis. The purpose of the 
computer program was to take the experimental bulk and wall temperature 
data, which were obtained at various and different time intervals, and 
compute the bulk and wall temperature at specified time intervals as pre-
sented in the table. The first part of the effectiveness program listed 
in Appendix E is a copy of the program for the quadratic interpolation of 
the temperatures. 
The bulk temperature data for the program were taken from the re-
corder print outs. The wall temperature data were in millivolt-time form, 
since they were taken with a potentiometer and stopwatch. These data 
were directly written on computer sheets for easy data reduction. In 
many tests, the wall data were not recorded. Due to the large number of 
tests, the experimental bulk and wall temperature data are not included 
in the appendix. A copy of the data is on file in the Georgia Institute 
of Technology library. 
The computer program was designed to do the following: 
1. Calculate the wall temperature in °F from the millivolt 
data. The bulk temperature was read into the program 
in °F form. Correct all reading according to the thermo-
couple correction data. 
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2. Compute the bulk temperature at specified time intervals 
by using Newton's divided difference interpolation, or 
what is often called quadratic interpolation, with three 
different time intervals. The particular interpolation 
procedure is clearly explained in Wylie (40). 
3. Compute and print the temperature difference 0R and 
9-D/Q-R versus x/L for each thermocouple. 
o a max 
4. Compute the wall temperature again using Newton's inter-
polation formula. Print out 9„ and 6 /8TT _„ v versus x/L r w w ' w max 
for each thermocouple. 
5. Print out a table of bulk and wall temperature at the 
specified time intervals, including the thermocouple 
location. 
Table 6. Summary of Tests 
Test Baffle Number of Bottom Heat Side Heat Aspect Angle 
Number Size Baffles Flux Flux Ratio 
Inches Btu/ft2sec Btu/ft2sec Degrees 
T-l 0 0 0 0.121 4.88 
T-2 0 0 0 0.122 4.88 
T-3 0 0 0 0.121 4.88 
T-4 0 0 0.186 0.123 4.88 
T-5 0 0 0 0.124 4.88 
T-6 0 0 0 0.123 4.88 
T-7 0 0 0.186 0.124 4.88 
T-8 These series of tests were run for information on 4.88 
through boundary layer temperature profiles. No bulk 
T-12 temperature profile was recorded. 
T-13 0 0 0 . 0 5 5 0 . 1 2 2 4 . 8 8 
T-14 0 0 0 0 . 0 9 3 4 . 8 8 
T-15 Test terminated early, data no good. 4.88 
T-16 0 0 0.187 0.023 4.88 
T-17 0 0 0.186 0.121 4.88 
T-18 0 0 0.075 0.046 4.88 
TB-19 2 3 0 0.123 4.88 90 
TB-20 2 3 0.186 0.123 4.8.8 90 
TB-21 2 3 0 0.093 4.88 90 
TB-22 2 3 0.087 0.121 4.88 90 


















TB-23 2 3 0.055 0.122 4.88 90 
TB-24 2 3 0.075 0.046 4.88 90 
TB-25 Test terminated, data no good. 4.88 90 
TB-26 2 3 0 0.122 4.88 90 
TB-27 2 3 0.186 0.122 4.88 90 
TB-28 2 3 0 0.122 4.88 90 
TB-29 2 3 0 0.122 4.88 90 
TB-30 2 3 0 0.122 4.88 135 
TB-31 ? 3 0.186 0.122 4.88 135 
TB-32 4 3 Q. 186 0.122 4.88 90 
TB-33 4 i 0 0.121 4.88 90 
TB-34 4 3 0.055 0.1215 4.88 90 
TB-35 2 3 0.075 0.046 4.88 45 
TB-36 4 1 0.055 0.122 4.88 90 
TB-37 6 1 0 0.122 4.88 90 
TB-38 6 1 0.186 0.122 4.88 90 
TB-39 6 1 0.186 0.122 4.88 90 
TB-40 6 1 0.055 0.122 4.88 90 
TB-41 6 1 0.075 0.046 4.88 90 
TB-42 6 1 0 0.122 4.88 135 h-' 
ro 


















TB-43 4 3 0 0.122 4.88 90 
TB-44 6 1 0.186 0.122 4.88 135 
TB-45 6 1 0.075 0.046 4.88 135 
TB-46 6 1 0.055 0.121 4,88 135 
TB-47 6 1 0.186 0.023 4.88 135 
TB-48 6 1 0 0.122 4.88 135 
TB-49 6 1 0.186 0.122 4.88 45 
TB-50 4 1 0.186 0.122 4.88 90 
TB-51 6 3 0 0.121 4.88 135 
TB-52 6 3 0 = 186 0.122 4.88 135 
TB-53 6 3 0 0.121 4.88 135 
TB-54 6 3 0.055 0.122 4.88 135 
TB-55 6 3 0.075 0.046 4.88 135 
TB-56 6 3 0.186 0.023 4.88 135 
TB-57 6 3 0 0.122 4.88 90 
TB-58 6 3 0.186 0.122 4.88 90 
TB-59 6 3 0.055 0.121 4.88 90 
TB-60 6 3 0.046 0.075 4.88 90 
TB-61 6 3 0.186 0.023 4.88 90 
TB-62 6 3 0.186 0.122 4.88 90 
^J 
Table 6. (Continued) 
Test Baffle Number of Bottom Heat Side Heat Aspect Angle 
Number Size Baffles Flux Flux Ratio 
Inches Btu/ft2sec Btu/ft2sec Degrees 
TB-63 6 3 0.186 0.122 4.88 45 
TB-64 6 4 0 0.121 4.88 45 
TB-65 6 4 0.18 0.122 4.88 45 
TB-66 6 4 0.186 0.096 4.88 45 
TB-67 6 4 0.055 0.122 4.88 45 
TB-68 6 4 0.075 0.046 4.88 45 
TB-69 0 0 0 0.082 1.0 






TB-72 0 0 0.076 0.172 i it 1 . U 
TB-73 0 0 0.044 0.082 1.0 
TB-74 0 0 0.186 0.172 1.0 
TB-75 4 2 0 0.172 1.0 90 
TB-76 4 2 0.186 0.172 1.0 90 
TB-77 4 2 0 0.082 1.0 90 
TB-78 4 2 0.044 0.082 1.0 90 
TB-79 4 2 0 0.172 1.0 45 
TB-80 4 2 0.186 0.172 1.0 45 
TB-81 4 2 0.076 0.172 1.0 90 
TB-82 4 2 0.044 0.182 1.0 90 
Table 6. (Continued) 
Test Baffle Number of Bottom Heat Side Heat Aspect Angle 
Number Size Baffles Flux Flux Ratio 
Inches Btu/ft2sec Btu/ft2sec Degrees 
TB-83 4 3 0 0.172 1.0 90 
TB-84 4 3 0.186 0.172 1.0 90 
TB-85 4 3 0.076 0.172 1.0 90 
TB-86 4 3 0.044 0.082 1.0 90 
TB-87 4 3 0 0.172 1.0 135 
TB-88 4 3 0.0186 0,172 1.0 135 
TB-89 4 3 0.044 0.082 1.0 135 
TB-90 4 3 0.076 0.172 1.0 135 
TB-91 8 1 0 0.172 1.0 90 
TB-92 8 1 0.186 0.172 1.0 90 
TB-93 8 1 0.044 0.082 1.0 90 
TB-94 8 1 0 0.172 1.0 90 
TB-95 8 1 0.076 0.172 1.0 90 
TB-96 8 3 0.044 0.082 1.0 90 
TB-97 8 3 0 0.172 1.0 90 
TB-98 8 3 0.186 0.172 1.0 90 
TB-99 8 3 0.076 0.172 1.0 90 
TB-100 0 0 0 0.171 3.0 
TB-101 0 0 0.194 0.171 3.0 
TB-102 0 0 0.194 0.082 3.0 -^J 
L n 
Table 6. (Continued) 
Test Baffle Number of Bottom Heat Side Heat Aspect Angle 
Number Size Baff les Flux Flux Ratio 
Inches B t u / f t 2 s e c B t u / f t 2 s e c Degrees 
TB-103 0 0 0.080 0.171 3.0 
TB-104 4 2 0 0.171 3.0 90 
TB-105 4 2 0.194 0.171 3.0 90 
TB-106 4 2 0.080 0.171 3.0 90 
TB-107 4 2 0.194 0.082 3.0 90 
TB-108 4 3 0,194 0.171 3.0 90 
TB-109 4 3 0.080 0.171 3.0 90 
TB-110 4 3 0 .0 0.171 3.0 90 
TB-111 4 3 0.194 0.082 3.0 90 
TB-112 6 3 0 . 0 0.171 3.0 90 
TB-113 6 3 0.194 0.171 3.0 90 
TB-114 6 3 0.080 0.171 3.0 90 
TB-H5 6 3 0.194 0.082 3.0 90 
TB-116 6 1 0 .0 0.171 3.0 90 
TB-117 6 1 0.194 0.171 3.0 90 
TB-118 6 1 0.194 0.082 3.0 90 




EFFECTIVENESS CORRELATION PROGRAM 
Calculation of the effectiveness of the various baffle de-
signs as illustrated in the thesis body was accomplished with the 
computer program listed on the next pages. The comment cards or 
the cards with a % symbol preceeding them illustrates the various 
sections of the program. The main variables printed out of this 
program are effectiveness (EFF) and time. 
The other program included in this appendix is for the 
correlation of the baffle effectiveness. The equations employed in 
this program have been presented on pages 118 thru 123. 
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X EFFECTIVENESS CALCULATIONS 
X 
FILE OUT PRTRBP 16(3^15) I X 
FILE IN CARRP (3,10) ; X 
INTEGER P ^ N , L # T N , H , A > B # J , E * F F ~ / M l , I l , I , T I M E / G # r 2 / E l / r i V G l ) % ' 






L 1 , L 2 > L 3 7 L 4 , L 5 i * 
T l M i r o * 2 5 » ( M 2 0 ] J X 
T B Q V , T B / T B Q I * f / M t , T A V * T B V , T B Q A » T W T Q \ / [ 0 1 5 0 * 0 1 5 0 ] 
C 0 N s T l , X # X I , D F # F # A P # Z [ 0 H 5 O ) ) X 
F M T l C / / X 5 0 # M T I M E s M , i a » H S E C , w ) ? X 
FORMAT OUT F M T 2 C / 5 F ? 0 . 5 » 2 F 1 0 . 5 ) I % 
FORMAT OUT F M T 3 C / X 2 # I 8 # F l 9 , ? » F 2 4 . 3 / F 3 4 , 3 > \ X 
FORMAT OUT F M T 4 ( / X 4 > 4 E 1 5 , 5 ) I % 
FORMAT OUT FMT5C/7~X10V"BAFFLE TO TANK WIDTH" RATIO » % F 9 . 3 ) " T " T 
pOKMAT OUT F M T 6 ( / / X 4 0 » " T E S T NUMBER •"»!») \ % 
FORMAT TITLE(//X20/"EFFECTIVE AND TEMP,-TIME-POSITION D A T A - ) ; 
WRITE CPRTRBP^TITLE) i X 
* L GIVES NO, OF TEST TO BE RUN 
READ (CARBP,/,L) J X 
FOR I«-l STEP 1 UNTIL L 00 
BEGIN X 
READ (CARBP>/*TN*H) J X 
W R I T E ( P R J R B P > F M T 6 * T N ) J X 
R E A D ( C A R B P # / > T B I , N B » B T W ) ; % 
R E A D ( C A R B P # / » P # N , I 1 * E 1 » F 1 # G 1 ) ) _ X 
R E A D C C A R B P # / # F O R A M STEP 1 UNTIL P 0 0 [ A P [ A ] ] ) ; X 
R E A D ( C A R B P » / * F O R A M STEP 1 UNTIL P DOCCONSTL [ A ] J> 
COMMENT 
X C A ] ] ) ; x 
FOR A M STEP 1 U N T I L P DO X 
R E A D ( C A R B P V / # F 0 R B*0 STEP 1 UNTIL N D O t T B [ A , B ' J ] ) \ 
CALCULATE TIME J X 
"~B«-o" J X 
_FOR A M STEP 1 UNTIL P pO X  
TlMl[A#B3«-0 ; X 
3j-l J X 
FOR A M STEP 1 UNTIL P DO X 
T I M 1 [ A * B ] * T I M 1 C A , B - 1 ] + 6 X A P C A 3 + 1 A 4 I X 
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FOR g«-2 STEP 1 UNT IL N DO % 
BESJN __ FOR A M STEP 1 U M T I t P DO % 
T l M i r A , B 3 « - T l M i r A , B - 1 3 + 2 8 8 ! 










E C T BULK T E M P E R A T U R E 
A + l S T E P 1 U N T I L P DO % 
B + O S T E P 1 U N T I L N DO % 
,B3<- TB[A>BJ+C0NST1[A3 \ % 
L2« 
% 
B E G I N 
W R I T E 
R A T I C I N T E R P O L A T I O N OF T E M P E R A T U R E S 
i FF«-300 I G+1300 i % 
} MlfrO I * 
T l M E + E S T E P FF U N T I L G 00 * 
auAD 
E + 3 0 0 
3 + 0 
FOR 
% 
(PRTRBP#FMT1#TIME) I % 









T I M i 
T B Q l 
E N D I % 
A+l ST 
T I M E - T 








EP 1 UNT IL P DO % 
I M l [ A , R 3 ) / C T l M U A , 3 3 " T I M l t A , B + 1 3 ) ; % 
T I M l [ A , B 3 ) x C T l M E - T l M l [ A # B + n ) ) / ( ( 
T l M l [ A , B + l ] ) X ( T l M i ( A , B ] - T l M i [ A , B + 2 3 ) ) 
T I M 1 [ A # B 1 ) X ( T I M E - T I M 1 [ A # B * 1 ] ) ) / 
; x 
% + l 3 - T l M l [ A , B 3 > x c T l M l t A , B + l 3 - T I M l t A # B + 2 3 ) ) ; 
T l M l [ A , B 3 ) x ( T l M E - T r M l [ A > B + 1 3 ) J / ( C 
3 - T I M H A # B 3 ) x ( T I M l [ A * 8 + 2 3 - T I M I CA*8 + 1 3 ) ) ) % 
3 + T 8 [ A » B 3 + X l x T B [ A * 3 3 + X 2 x T B [ A # B + l J + X3><TB[A*B3 
+ X 4 X T B C A , B + l ] + X 5 x T 8 [ A , B + 2 3 i * 
BEGIN 
B«-B + l ; M U M 1 M } % 
END J % 
IF HI 
E + E l 
GO T! 
END ; % 
|>2xB THEN 
; FF + F U G + Gl \ 








+ 300 I % 
x i P 3 / n ; % 
3 + 0 . 0 t % 
3 + 0 , 0 * * 
B J l L _ s TEP 1 UNTIL 
IC 0 * B"3 «• T B ffl C i * B 3 
OF TEMP, WITH P O S I T I O N 
Ml DO J! 
BEGIN T B Q I C 0 * 8 3 + T B 0 I C 1 # B 3 } % 
WRITE ( P R T R B P * F M T W T I M F ) ) % 
A «-! i % 
TBQA[A#B3+X[A]xTBQIcA*B3 ) % 
F O R A + 2 S T E P 1 U N T I L P DO X 
T B QA C A * 8 3 » T B Q A r A " l * B 3_+ <_XJ A 3j» X_[_Aj 
"fBQI[A-l,Bn/2".0)~ T~% 
[I^B3+TBQA[P»B3/X[P] \ % 
) % 
J+l S T E P 1 U N T I L II DO % 
1 3 ) x ( ( T B Q I E A > B 3 + 
LI: 
TQV 
A + n 
FOR 
BEGIN % 
___ Xlf J 3 « - X n J-i 3 + py ; % 
F XT[ I 
B E G I N 
END 




J 3 > l , 0 0 0 0 l x x r A 3 
i _; * 
o L I ; * 
THEN 
B 3 « . T B Q I C A - l / B 3 - K T B Q l t A > B 3 - T B Q n A - l > B 3 ) x 
( ( X I [ J 3 « X r A - 1 3 ) / ( X [ A 3 " X [ A " 1 3 ) ) J X 
IF 
A + A 
IF 
A + A 
A > P - 2 
-1 ) % 
A > P - 2 
-1 ) % 
T H E N 
T H E N 
180 
——Ti«nrxTr j ) - x tAT) /mAj»TrAM:n r r —*~» -*- — -
X?»-X1 J * - _ 
" x 3 <- (Cx i [J ] - x t A 3 > x ( x i r J f - x c A *• i ] n 7 
( ( X [ A3-X[A + m x ( X [ A 3 » X [ A + 2 ] ) ) I *  
X4«-(CXir J 3 - X l A n x C X H J ) - X U f U > ) / 
( ( X [ A + l]-XCA_1)x(XCA + l ] - X [ A + 2 ] ) ) I * 
X 5 < - ( ( X l C J ] - X C A ] ) x ( X H J ] - X [ A f 1 3 ) ) / 
( ( X C A + 2 3 - X t A ] ) x ( X [ A + 2 ] - X [ A + 1 ] ) ) J I 
T C J * B 1 «• T B QIC A * B 3 f X1 -K T B Q I C A * B 3 • X 2 x T 8 Q H A + 1 , B 3 • X 3 x T B QI [ A / B 3 
4-XflXTBQI[A^-i >B3-»-X5XTBQIr A-*-2>B3 ) %  
IF I<1 T H E N 
W R I T E C P R T R B P * F M T 2 * T U J , B 3 # T C j # B ] # x i r J 3 ) ; % 
END ; % 
I 2 4 - I 1 - 1 t % 
Z r o U T B Q H W B J * * 
z n i 3 < - T r i i i B 3 ; %  
FOR J + l STEP 1 UNT IL 12 DO % 
ZC J 3 « - Z C J - 1 3 + 2 . 0 x T t J *B3 J % 
T A V n * B 3 « - ( Z t I 2 3 + Z ( I l 3 ) x D X / ( 2 . 0 x x [ P 3 ) t % 
P E P C « - ( ( T A V C I * B 3 - T Q V [ I ^ B 3 ) x i O O . O ) / T A V [ I * B 3 i % 
TB V [ I > B 31 *"f A V C I # R 3 - t B I J % 
T B Q V C l » B 3 » T Q V r i , B 3 - T B I t *  
P E R 1 « - ( T B V [ I , B 3 - T B G V [ I * B 3 ) x i 06". 0 / T 3 V [ I , B 3 ; % 
_ P E R 2 « - ( T Q V [ 1 # B 3 - T Q V [ I * B 3 ) M 9 0 , 0 / T Q V _ [ 1 * B ] * %_ 
WRITE ("PRTRBP/FMT2VT AVC iVB 3 ,TftV C U B ] ,PERC * PER~i,f T8V CI * B 3 / T B Q V [ I > B 3 > 
PER?) > * 
TIME«-TIME + 300 > X 
E N D ; % 
X N U M E R I C A L I N T E G R A T I O N FOR E F F E C T I V E N E S S 
T I M E f 3 0 0 ; % 
FOR B M S T E P 1 U N T I L Ml DO * 
BEGJN % 
I2 + I 1 M I % 
F [ l 3 4 - ( T C l > B 3 - T B T ) x X i m / 2 . 0 } % 
F [ I 1 3 < - ( T [ I 1 » B 3 - T B I ) X X I [ I 1 3 / 2 . 0 J % 
FOR J*2__STEP 1 UNT IL 12 DO % _ 
BEGIN OFT J3 + ( T [ J # B 3 - T B ! ) * X I t J ] \ % 
F[J3«-FC J - 1 3 + D F [ J1 % % 
END \ % 
M T t I j B 3 » D X x ( r [ l 2 3 » F [ i n ) j %  
Wft ITE(PRTRBP»FMT2*MTCI#B3 ) ; % 
T I M E « - T I M E + 3 0 0 i % 
END ; % ' 
IF I<1 THEN 
GO TO L I ' J ' I 
FOR B»l S T E P 1 U N T I L Ml DO % 
^EGIN T I M E f 3 0 0 x 8 i % 
E F F * C M T C l # B 3 ^ ( T Q V [ _ l # B 3 / T O V [ I ^ B 3 ) » t M T C I # B 3 ) / _ 
( M T C i V B 3 - ( T Q V t T r B 3 x x [ P ] * 2 . 0 ) / 2 . 0 > t % 
E E 4 - 0 . 2 5 x ( l . O + 2 . ? x E X P ( - 0 , 0 0 ? 5 x T l M E / N B ) ) x B T W * 0 , 5 x N B * ^ , 5 
"E'F 1 «• (: M f t 1 » B 3 - ( f B V [ 1 , B1 / T B V [ I , B3 ) x M T [ I , B"D / 
( M T C l ^ B 3 - ( T B V [ l , B 3 x X C P 3 » 2 , 0 ) / 2 . 0 ) t %  
W R I T E ( P R T R B P * F M T A * E F F » E E ^ T I M E * E F 1 ) t % 
END *_% _ 
L5* END ) % 
END r_ _ _ _ _ 
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BEGIN 
, . _ . -u , , . « , . • 
* EFFECTIVE CORRELATION 
FTI F flllT PRTRBP 1 6 C 1 P 1 S 1 t t _. ,. 
F I L E IN C A R B P C 3 , 1 0 ) j 
TMTFGrR p J i K i T W T g . i ^ ^ . n t _. 
REAL ARRAY BW>NO*QR#E>T#LWr0110 ] J 
RFAI ARRAY N* M J.t) C 0 M • ft t 3 . 0 I 33 i 
FORMAT TITLE (//X20,"EFFECTIVENESS CORRELATION") J 
pnPMAT niiT ZMJ_LU_tM±£u5J I 
WRITE (PRTRBP'TITLE) ) 
FOR T»1 STrP 1 UNTyl 3 On . „__ 
BEGIN 
FOR .1*1 STEP 1 UNTTI. 3 Dn _ _ 
BEGIN 
FOR K»V STEP 1 U^TTI 3 1)1 . 
READ C C A R B P * / » N [ I # J # K l * M C ! » J # K 3 * O n * J * K ] ) J 
FNDE  
END) 
R r A f ) C C A R R P ^ / f L w r i ] > i w r a n t  
FnR Ji*l STEP 1 UNTIL 2 DO 
RFfiTN __ 
FOR I2« - l STEP 1 UNTIL 2 On 
R F A n ( C A R R P j / * R W r i ? ] ^ I . 
FnR 134-1' STEP 1 UNTIL 2 On 
P r A n C C A R R P W . N n r T 3 1 - > t  
FnR I4« - l STFP 1 UNTTI 2 DO 
P r A f U E A R R P W . Q R E M ^ t _. 
FOR I 2 M STEP 1 UNTIL 2 On 
BEGIN . • • 
FOR I 3 M STEP 1 UNTIL 7 On 
REGIN _ __ . 
FOR I4<-1 STEP 1 UNTIL 2 00 
BEGIN _ 
FOR 14-1 STEP 1 UNTIL 3 00 
REGIN , . 
FOR J4-1 STEP 1 UNTIL 3 00 
REGIN . 
FOR K M STEP 1 UNTIL 3 00 
BEGIN __ . _ ______ 
114-1 ) 
TdUS.fl \ _ 
FOR 114-1 STEP 1 UNTIL 6 On 
REGIN FT T lH -RWf T ? l * M r Tt J t k l X M n c n U M f l i J * K 1 « f 1 . n » Q f f r T 4 n » 0 r T i J ^ K l 
XEXP C - o . 0 5 5 * T C I i J / ( L W t j m o » 0 ) t 
T C T 1 t 1 U T f T1 I t l . m - . . _ 
END* 
WBTTEfPRTRBPt/>RWrT?1iNrTt JtKl.NOTT31 *MTTtJ>K11QRfTfl1>Of T*J»K1)I 
WRITE(PRTRBP,FMT1>F0R 11*1 STFP 1 UNTIL 6 DOCEt 1133) J 
ENOI 
E N O J 
^HfH — _ , 
END! 





PHYSICAL PROPERTIES OF WATER 
Figures 69 and 70 illustrate graphically the property values 
used in this investigation. Viscosity values were obtained from the 
investigation of Thorpe and Rodgers (41) while values of the thermal 
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Figure 69. Thermal Conductivity and Kinematic Viscosity versus 
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Figure 70. Coefficient of Volume Expansion versus 
Temperature for Water 
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